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Transposon-encoded tnpB and iscB genes encode RNA-guided DNA nucleases that
promote their own selfish spread through targeted DNA cleavage and homologous
recombination'*. These widespread gene families were repeatedly domesticated
over evolutionary timescales, leading to the emergence of diverse CRISPR-associated
nucleasesincluding Cas9 and Casl2 (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 (TIdRs). These proteins use naturally occurring
guide RNAs to specifically target conserved promoter regions of the genome, leading
to potent gene repression in amechanism akin to CRISPR interference technologies
invented by humans’. Focusing on a TIdR clade found broadly in Enterobacteriaceae,
we discover that bacteriophages exploit the combined action of TIdR and an
adjacently encoded phage gene to alter the expression and composition of the host

flagellar assembly, a transformation with the potential to impact motility®, phage
susceptibility’, and host immunity'. Collectively, this work showcases the diverse
molecularinnovations 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 nature®. 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 asintronsplicing, immunoglobulingene diversification, genome
rearrangement, and genome defence'>*. 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 exapted™
fornovelroles in viral DNA acquisition and targeting™*¢. The ‘universal’
caslgeneencodesanintegrase responsible for preserving memories of
pastinfections by splicing viral DNA fragmentsinto the CRISPR array,
in a biochemical reaction reminiscent of transposon integration'”$,
and ancestral CRISPR-less Cas1 homologues perform similar reactions
within the context of transposable elements known as casposons'*?°.
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,
respectively? which perform similar reactions to promote transposon
maintenance and spread**. 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 transposases® 2. Similar
cooption events have also frequently occurred between bacteria and
bacteriophages*?, highlighting the extensive flux of genetic informa-
tion between hosts and diverse types of mobile genetic elements®.
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 life?’ %, In bac-
teria, tnpB genes are encoded within IS200/1S605 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
form®. These transposons have conserved left end (LE) and rightend
(RE) sequences that define the boundaries of the mobile DNA, and in
additionto protein-coding genes, they also encode non-coding RNAs,
referred to as WRNA (or reRNA), that feature ascaffold region spanning
the transposon RE and an approximately 16-nt guide derived from the
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Fig.1|Bioinformaticidentification of naturally occurring, nuclease-
deficient TnpB homologues. a, TnpB proteins are RNA-guided nucleases that
preservebacterial 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, CRISPRRNA;
tracrRNA, trans-activating crRNA. b, Phylogenetic tree of TnpB proteins,

with previously studied homologues (blue) and newly identified TIdR (green)
proteins highlighted. Theringsindicate RuvC DED active siteintactness

transposon-flanking sequence'? (Fig. 1a). This guide sequence directs
TnpB cleavage activity to complementary DNA sequences that are
flanked by a cognate transposon/target-adjacent motif (TAM)**,
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 specificities®*2. Innearly all cases,
Casl12 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 butinstead bind to and repress gene transcription as an
alternative mechanism preventing mobile genetic element prolif-
eration®?* Type V-K CRISPR-associated transposases similarly rely
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TnpB TIdR

RuvC deterioration

(inner), tyrosine-family or serine-family TnpA transposase association
(middle), and protein size (outer). ¢, Multiple sequence alignment of
representative TnpB and TIdR homologues, highlighting deterioration of RuvC
active site motifs and loss of the C-terminal zinc-finger (ZnF)/RuvC domain.
Intactactive siteresidues are highlightedinred, and highly conserved residues
areshowningrey. d, Empirical (DraTnpB) and predicted AlphaFold structures
of TnpB and TIdR homologues marked with an asterisk in ¢, showing
progressive loss of the active site catalytic triad.

on nuclease-inactivated Cas12k homologues that are still active for
RNA-guided DNA binding, leading to programmable transposition®?>**
(Fig. 1a). Given the sheer abundance of tnpB genes and the profound
utility of RNA-guided DNA binding — as exemplified in both biology
and biotechnology?®® — 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 wereportthe discovery of anovel family of TnpB-like nuclease-
dead repressors (TIdRs) 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 TIdR clades that



evolved from transposon-encoded TnpB nucleases via RuvC active
site deterioration, coincident with newly acquired, non-transposase
gene associations. TIdRs 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 TIAR homologues are exploited by prophages to
specifically remodel the host flagellar apparatus, which we discovered
usinginvivo genetic perturbation experimentsina clinical Enterobac-
terisolate. 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 abioinformatics pipeline toidentify TnpB proteins with
inactivating mutationsinthe RuvC domain, motivated by the hypoth-
esis that these would represent likely gene exaptations for functions
beyond transposon proliferation. We clustered a multiple alignment
0f 95,731 unique TnpB-like sequences, retrieved using ahidden Markov
model (HMM) search at 50% sequenceidentity, and then performed an
automatic assessment of the conservation of RuvC active site residues.
TnpBnucleases, like Cas12 nucleases, exhibit a catalytic motif consist-
ingofthreeacidicresidues (DED), and mutating any residue in this motif
abolishes nuclease activity>>*”. However, recent analyses of TnpBs and
eukaryotic TnpB-like proteins (thatis, Fanzors) have indicated that one
ofthe catalytic residues can occur at an alternate positioninthe RuvC
domain®, 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 rolesin transcriptional repression (see below),
werefer to them as TIdRs. TIdRs exhibit arange 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 degradationin the remainder of the overall TnpB/TIdR 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 ®RNA guides, are
encoded within IS200/1S60S5 family or IS607 family transposons that
canbestraightforwardly identified using both comparative genomics
and by defining the transposon ends' *; in addition, a hallmark feature
is their frequent association with tnpA transposase genes®**® (Fig. 2a,
top). Thegenomic context surrounding t/dR genes consistently lacked
tnpAandidentifiable LE/RE sequences, and instead, we observed strong
geneticassociations with novel, non-transposon genes that were often
clade-specific (Figs.1band 2a). One TIdR group is consistently associ-
ated with five to six genes encoding components of ABC transporter
systems>**C, the last of which is oppF, and is mainly present in ente-
rococcal genomes (Supplementary Table 2). A second TIdR group is
tightly associated with fiC, a gene encoding the flagellin subunit of
flagellar assemblies that propel bacteria in aqueous environments',
and is found in diverse Enterobacteriaceae (Supplementary Table 3).

A third TIdR group from clostridial genomes is similarly associated
with flagellin genes, in addition to a carbon storage regulator gene
(csrA) thatisinvolved in flagellar subunit regulation* (Supplementary
Table1). In all three cases, we observed loci encoding TIdRs and their
associated genesinvaried 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
oftenindicative of functional coupling®, indicating that TIdR proteins
may be involved in flagellar and ABC transporter expression and/or
assembly pathways.

Acloserinspection of genomiclociencoding 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/attRrecombination sequences thatenclose fliC-tldRloci (Fig.2b
and Extended Data Fig. 2). Additional BLAST searches revealed two
metagenome-assembled phage genomes in the taxon Caudovirales
that contain t/dR and its accompanying fliC gene (hereafter fliCp, for
phage-encoded) (Supplementary DataFig. 1b). Collectively, these data
demonstrate that at least one TnpB domestication eventinvolved the
loss of nuclease activity, the loss of flanking transposon end sequences,
andthegainofanaccessory gene possibly linked to anovel functionin
phagebiology (Fig.2c). Of note, no similar bacteriophage associations
were detected for oppF-associated or csrA-associated TIdRs.

RIP-seqreveals mature TIAR 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 cleavage'?. Like crRNAs, these gRNAs com-
priseboth aninvariant ‘scaffold’sequence thatisabindingsite for TnpB,
aswellas 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 database®,
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 thatare
closelyrelated tofliC,-associated and oppF-associated TIdRs (Fig. 3b).
Similar analyses also revealed the predicted 3-5-bp TAM sequences
recognized by these TnpB homologues during DNA binding and cleav-
age'? (Fig.3b), akin to the role of PAM in DNA binding and cleavage by
CRISPR-Cas9 and CRISPR-Casl12 (ref. 44).

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

Todetermine whether TIdR proteins bind to their associated gRNAs,
wecloned arepresentative FLAG-taggedfliC,-associated TIdR (EhoTIdR)
and oppF-associated TIdR (EfaITIdR) into expression plasmids, along-
side 240 bp encompassing the putative gRNA scaffold and a20-bp guide
sequence. After performing RNA immunoprecipitation sequencing
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Fig.2|tldR genes are strongly associated with diverse non-transposon
genesand encoded inprophages. a, Genomicarchitecture of well-studied
transposons that encode TnpB (top), and of novel regions thatencode TIdR
(bottom) inassociation with prophage-encoded fliC, (left), oppFand ABC
transporter operons (middle), and a transcriptional regulator (csr4) of an
accompanying flagellin (right). Genomic accessions are shown above the
genetic maps. b, Comparison of arepresentative fliC,~tldR locus witha closely
related Enterobacter kobei strain reveals that the entire locusis encoded within

(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 FhoTIdR that encompassed a 97-nt
scaffold upstream of a16-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
throughaRuvC-dependent mechanism**¢; however, the absence of an
intact catalytic triad in TIdR 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 EfaITIdR
bound an even shorter gRNA, comprising a 100-nt scaffold and an
approximately 9-nt guide (Extended Data Fig. 3a), and asimilarly trun-
cated guide (11 nt) was also observed for another homologue from pub-
licly available RNA-seq data* (Extended DataFig. 3b). RIP-seq data from
replicates and five additional homologues corroborated the short guide
for EfaITIdR (Extended Data Fig. 3c) while revealing more heterogene-
ous processing for diverse homologues (Supplementary Data Fig. 3).

TIdRgRNAs target conserved promoters

We reasoned that identifying the putative gRNA substrates of TIdRs
would provide amajor 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
fliCy-associated TIdR. The strongest matchwasinagenomicregion that
encodes other flagellar components and, strikingly, was specifically
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theboundaries of a prophage element, with identifiable recombination
sequences (attL/attR/attB).c, Phylogenetic tree of fliC,-associated TIR
proteins froma, together with closely related TnpB proteins that containintact
RuvCactivesites. Theringsindicate RuvC DED active site intactness (inner),
prophage association (middle), fliC,association (middle), and TIdR/TnpB
domain composition (outer). Assessments of prophage and fliC,associations
aredescribed inthe Methods. Homologues marked with a blue square (TnpB)
orgreencircle (TIdR) were tested in heterologous experiments.

located in the intergenic region between f1iD and a second (host) fliC
gene distinct from the prophage-encodedfliC,orthologue (Fig.3g).In
E. coli, fliC expression is regulated by an alternative sigma factor (0%)
also known as FliA*"#%, The putative targets of multiple homologous
TIdR-associated gRNAs directly overlapped the fliA -10 promoter ele-
ment, and were flanked by a conserved GTTAT motif that s highly simi-
lar to the TAM recognized by TnpB nucleases similar to TIdR (Fig. 3h).
Theidentity of these targetsimmediately suggested amodel for fliC,-
tldR function, in which phage-encoded TIdR-gRNA complexes could
repress expression of the host FliC protein while producing their own
FliC, homologue.

We performed a separate search for native targets of oppF-associated
TIdRs using the shortened 9-nt guide, combined with the predicted TAM
recognized by related TnpB nucleases (TTTAA or TTTAT) (Extended
DataFig.4a). Thisanalysis led to the identification of a conserved target
upstream of the start codon of one of the ABC transporter genes (oppA)
encoded proximally to t/dR (Extended Data Fig. 4b,c). t/dR-associated
OppA homologues are most similar to substrate-binding proteins that
recognize short polypeptides in ABC transport systems*®*, and the
putative TIdR targets overlap the predicted promoter**° of oppA, sug-
gesting that TIdR would repress oppA transcription (Extended Data
Fig.4d,e). Wealsoidentified other potential gRNA targets in genomes
encoding oppA-tldRloci, raising the possibility that these TIdR proteins
contribute towards amore complex transcriptional regulatory network
thanfliC,-associated TIdR proteins (Extended Data Fig. 5).

Together, these data strongly support the hypothesis that TIdR pro-
teins across multiple independent lineages function as RNA-guided
transcription factors to regulate gene expression, and that their
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Fig.3| TIdR proteins are encoded next to gRNAs that target conserved
genomicsites. a, Bioinformatic strategies toinvestigate t/dR/tnpBloci,
including comparative genomics, searching within the ISfinder database,
gRNA predictionusing covariance models, and target prediction using BLAST.
b, Representative tnpBlocus and anisogeniclocus above that lacks the IS
element. Comparison reveals the putative TAM recognized by TnpB, which
flanks the transposon LE, and the guide portion of the ®RNA, which flanks the
transposon RE. ¢, Published RNA-seq data for E. cloacae (top) and Enterococcus
faecalis (bottom) reveal evidence of native t/dR and gRNA expression for
fliCp-associated and oppF-associated TIdRs, respectively. The predicted gRNAs
from covariance model (CM) analyses are indicated, and unique genome-
mappingreadsareshownasoverlays of threereplicates. d,e, RIP-seq datafrom
afliC,-associated TIAR homologue from Enterobacter hormaechei (EhoTIdR)

E. coli K12

biological targets relate to the accessory genes with which they sta-
bly associate.

TidRs are RNA-guided transcription factors

We sselected seven fliC,-associated (Fig. 2c) and eight oppF-associated
(Extended Data Fig. 1a) TIdR homologues for functional assays, which
were chosen to sample the diversity within each clade (Supplemen-
tary DataFig. 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 chromatinimmunoprecipita-
tion followed by sequencing (ChIP-seq), and the resulting datarevealed
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strongly enriched peaks corresponding to the expected target site for
nearly allhomologues tested (Fig. 4a and Supplementary Data Fig. 5).
These data demonstrate that TIdR 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 peaksin the ChIP-seq dataset
(Extended Data Fig. 6). One of these off-target peaks for fliC,-associated
TIdRs 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 TIdR binding to mismatched
targets (Extended DataFig. 6). These data support the definition of an
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Fig.4|TIdRs are RNA-guided DNA binding proteins capable of
programmable transcriptional repression. a, ChIP-seqapproach to
investigate RNA-guided DNA binding for TIdR candidates (top), and
representative ChIP-seq datarevealing strongenrichmentat the genomic
targetsiteand a prominent off-target (bottom). b, Magnified view of ChIP-seq
peaksat the off-target siteina, which corresponds to a TAM and partially
matching target sequence at the E. coli K12 fliC promoter. ¢, Analysis of
conserved motifsbound by the indicated TIdR homologue using MEME ChIP
reveals specificity for the TAM and an approximately 6-nt seed sequence. The
number and percentage of total called peaks contributing to each motif are
indicated; low-occupancy positions were manually trimmed from the motif 5
ends.d, Schematic of E. coli-based plasmid interference assay using pEffector
and pTarget (left), and bar graph plotting colony-forming units (CFU) for the
indicated conditions and proteins (right). TIdAR homologues have no effect on

approximately 6-nt TIdR seed sequence, consistent with the previously
reported 6-nt seed for some Cas12a homologues®.

ChIP-seqalso 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 TIdR homologues, as we
previously showed for TnpB?. Using MEME to detect enriched motifs, we
found thatfliC,-associated TIdRs were enriched at 5’-GTTAT-3’ motifs,
the same pentanucleotide TAM that flanks putative TIdR-gRNA targets
withinfliC promoters (Fig.4c and Supplementary DataFig. 5). Similarly,
oppF-associated TIdR homologues bound DNA sequences enrichedin
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
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cellviability, indicating alack of DNA cleavage activity. Bars indicate

mean +s.d. (n=3biological replicates). EV,empty vector; Kan, kanamycin;

M, TnpB mutant; NT, non-targeting guide; T, targeting guide. e, Model of
TIdR-mediated transcriptional repression by blocking RNAP transcription
initiation (blue). f, gRNAs were designed to target the top or bottomstrand
ofapromoterdriving rfp expression (left). The bar graphs plot normalized RFP
fluorescence for the indicated conditions (right). Top, gRNA targeting the top
strand; Btm, gRNA targeting the bottomstrand. Barsindicate mean +s.d.(n=3
biologicalreplicates). g, RFP repressionactivity (right) using modified gRNAs
exhibiting variable complementarity to the target site (schematized at left).
AgRNAwasalsotested that lacked the extra 5’ sequence, which was absentin
RIP-seqreads of mature gRNAs (20 ntno 5’ seq). Barsindicate mean +s.d.(n=3
biologicalreplicates).

indicate that TAM sequences for TIdR proteins can be accurately pre-
dicted via ChIP-seq and in silico motif detection, even without the
transposon context clues used for TnpB nucleases*?

To verify that the naturally occurring RuvC mutations in TIdR pro-
teins actually abolish nuclease activity, we tested TIAR homologues
or their related TnpB counterparts in plasmid interference assays.
Effector expression plasmids (pEffector) encoding TIdR or TnpB and
their associated gRNA were used to transform E. coli cells, along witha
target plasmid (pTarget) bearing akanamycinresistance cassette and
aTAM-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 homologue®
(that is, GstTnpB3) and nuclease-active TnpB homologues similar to



TIdRs (thatis, Eco2TnpB and EceTnpB) reduced colony-forming unitsin
agRNA-specific manner, whereas TIdR homologues produced colony
counts comparable withempty vector controls (Fig. 4d and Extended
Data Fig. 7), confirming that TIdR 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
TIdR could modulate gene expression, akin to the engineered use of
nuclease-dead Cas9 and Cas12 variants in CRISPR interference (CRIS-
PRi) applications®>**. To test this, we developed an RFP/GFP reporter
assay in which target DNA binding represses rfp gene expression
relative toa control gfp locus®?,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 (Efal) TIdR homologues
robustly repressed RFP fluorescence when targeting the top (that s,
sense) strand (Fig. 4f), in agreement with polarity effects previously
observed for synthetic nuclease-dead Casl2avariants®***. gRNAs with
shorter stretches of RNA-DNA complementarity (down tojust 6 nt) pro-
duced comparablelevels 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 TIdRs 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 TIdRs lack any detectable
cellular nuclease activity and instead function as RNA-guided DNA bind-
ing proteins, with the potential to potently repress gene expressionin
amechanism reminiscent of engineered, nuclease-dead CRISPR-Cas
effectors.

Viral TIdRs natively repress host fliC

Having analysed TIdRs in heterologous contexts, we next investigated
their native function, focusing specifically on fliC,~tldR loci. FliC is
the major extracellular subunit that polymerizesin tens of thousands
of copies to form mature flagellar filaments, enabling bacterial loco-
motion® (Fig. 5a). When we compared host FliC and prophage FliC,
sequences, we found that solvent-exposed regions (domains D2-3)%%
were highly variable, whereas inter-protomer contacting regions
(domains DO-1)*¢ 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 surfaces®”s,

To test the hypothesis that TIdRs repress host fliC expression to
remodel flagella, we obtained and cultured three Enterobacter strains
thateach had a prophage-encoded fliC,~tldRlocus, alongside a closely
related control strain that lacked it, and performed total RNA-seq.
Each strain with t/dR 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 undetectableinall three strains that encoded t/dR, whereas

fliC,was strongly expressed (Fig. 5d), consistent with our hypothesis
on TIdR-gRNA function. By contrast, fliC was highly expressed in the
control strain that lacked TIdR and the prophage (Fig. 5d).

Next, to prove that fliC downregulation was a direct consequence
of TIdR-mediated repression, rather than an indirect effect relating
to the complex regulatory network controlling flagellar assembly®,
we generated precise genetic perturbations to the fliC,~t/dR locus in
Enterobacter sp. BIDMC93 and measured the corresponding effects
onhostfliCexpression by quantitative PCRwithreverse transcription
(RT-qPCR). Deletion of tldR, tldR-gRNA, the entire fliC,~tIdR-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 t/dR-gRNA deletion mutant with a
plasmid-encoded t/dR-gRNA cassette (Fig. 5e). RNA-seq of three bio-
logical replicates revealed clear evidence of host fliC de-repression
whenthe genomically encoded guide sequence was mutated (Fig. 5f),
as well as strong expression of fliC,, tldR, and gRNA at similar levels
as genes involved in lysogeny maintenance (Extended Data Fig. 10a).
Differential gene expression analyses further revealed that fliCwas 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 transcription®®®',

Enterobacter mutants with deletions of fliC, or the entire prophage
remained motile in swimming assays, at levels comparable to or slightly
greater than wild type (Extended DataFig.10b). Liquid chromatography
with tandem mass spectrometry analyses of flagellar samplesisolated
from these strains further revealed that FIiC, is both expressed and
partitions in the flagellar fraction, consistent with transcriptomic
data, and that deletion of the prophage (including ¢t/dR and the gRNA)
de-repressed host FliC expression at the protein level (Extended Data
Fig.10c-e).Insummary, these dataindicate that host flagella are remod-
elled viathe coordinated repression of host fliC and coincidentincor-
poration of fliC, gene products into chimeric assemblies with other
host flagellar subunits.

Closerinspection of the RNA-seq datalent further supportto our con-
clusionthat TIdR represses gene expression through competitive bind-
ingto promoter elements, as thefliCtranscription start site agreed with
the —35 and —10 promoter annotations informed from FliA/0*® datain
E.coliK12 (Fig.5h and Extended Data Fig.10g,h). Thisinterpretation was
also corroborated by comparisons of predicted TIdR-gRNA-DNA struc-
tures withan experimentally determined RNAP-FliA-DNA holoenzyme
structure, whichdemonstrate that TIdR target binding would sterically
block FliA access to DNA (Fig. 5i). To determine how prophage-encoded
fliC,genes would escape TIdR-mediated repression, we applied MEME
and Tomtom to identify conserved motifs in the region upstream of
the experimentally determined fliCptranscription start site (Extended
DataFig.10i,j). These analyses revealed that prophages probably recruit
the very same host FliA/o?® transcriptional program to produce FliC,,
but with highly conserved mutations in both the TAM and the seed
sequence that preclude TIdR-gRNA recognition (Fig. 5j). Collectively,
thefliC,~tldRlocusis 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 flagellarepresentacritical nexus at the host-pathogeninter-
face, and the attendant selective pressures probably contributed to the
domesticationand emergence of fliC-associated t/dR genes on at least
two independent occasions, to sensitively regulate flagellar expres-
sionand composition (Fig. 2a). Several bacteriophages, including the
well-studied Salmonella Chiphage, recognize the flagellar filament as
areceptor during cell absorption®*®¢?, 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
bothreceptors and antibodiesin the mammalianinnate and adaptive
immune systems®®, and the pervasive presence of prophage-encoded
fliC,—tldRociin clinical isolates from humans (Supplementary Table 3)
could represent a novel example of lysogenic conversion®, in which
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Fig.5|Flagellin-associated TIdRs repress host flagellingene expressionin
native Enterobacterstrains. a, Flagellar assemblies span theinner membrane
(IM), cell wall (CW) and outer membrane (OM). Flagellin (FIiC) filaments
compriseseveral thousand subunits and are receptors of flagellotropic phages.
b, Surfacerepresentation of E. coli FliC coloured by domains, for both a filament
cross-section and a single monomer (left). ColabFold-predicted prophageFliC,
(middle) and host FliC (right) structures from E. cloacae, coloured with AL2CO
conservation scores calculated from the multiple sequence alignment (MSA)
shownin c.c, MSA of prophage FliC, and host FliC proteins, showing highly
conserved DO-1domains and hypervariable D2-3 domains. d, Enterobacter
strains selected for RNA-seq analysis (top), and expression data plotted as
transcripts per million mapped reads (TPM) for fliC, (when present) and host
fliCandfliD.Barsindicate mean + s.d. (n = 3 biological replicates). e, E. cloacae
mutants generated by recombineering (left), and RT-qPCR analysis of host fliC
expression levels normalized to the wild-type (WT) strain. NT, non-targeting.

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,
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Barsindicate mean +s.d. (n=3biological replicates).f, RNA-seq coverage at
thehostfliClocus overlayed for three biological replicates of the indicated
strainsine. ThegRNA-matching targetsiteis represented with a purple
triangle. g, Differential gene expression analysis for the WT and NT gRNA
strainsinf. Wald test Pvalues adjusted for multiple comparisons were
calculated using the Benjamini-Hochberg approach. Genes withalog,(fold
change) >1and anadjusted P< 0.05are highlighted inred. h, Magnified view of
datainf, showingthe TAM/target overlap with the predicted FliA/o® promoter.
TSS, transcriptionstartsite. i, Predicted AlphaFold structure of TIdR bound to
target DNA (left; superimposed from PDB 8EXA) compared with asimilarly
scaled experimental structure of RNAP (grey) and FliA/0?® (green) bound to
promoter DNA (right).j, Comparison of promoter motifs for host fliC, prophage
fliCp, and the FliA/0%® motif. k, Model for the role of TIdR in RNA-guided
repression of host fliC.

and whether flagellar compositionis dynamically altered over timein
these lysogenic strains, will be a major goal of future research efforts.

The biological purpose of oppF-associated TIdR homologues
that are encoded next to ABC transporter operons (Fig. 2a) is less
clear, although our gRNA discovery approach — blending both



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 roles***®, TIdR proteins may provide amechanism
to regulate oppA expression in response to external biological cues,
although more experiments willbe needed to better understand their
activities and specificitiesin 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 wRNA 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 TIdR proteins, providing an impor-
tantadvance beyond descriptive bioinformatic observations of similar
loci®. 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 homologues®?,
and future efforts should be broadened toinclude nuclease-dead and
nuclease-active variants that exist in non-transposon and non-mobile
genetic element contexts.

Itis 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. Adecade
ago, to our knowledge, Qi and colleagues developed the first appli-
cations of synthetic, nuclease-dead variants of Cas9 (that is, dCas9)
for transcriptional modulation®, and intense efforts ever since have
resulted ina multitude of highly effective tools for epigenome editing,
typically viaengineered fusions of dCas9 to diverse effector domains®.
The miniature size of TIdR 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 TIdR pro-
teins may exhibit increased off-target binding compared with dCas9
proteins, which typically require atleast 9 bp of target-guide comple-
mentarity and a 2-bp PAM7 72,

Cas9 already exploits amechanism 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 context™. Other non-canonical gRNAs similarly program Cas9
for natural gene repression functions as a means of promoting viru-
lence”™, and some CRISPR-Cas subtypes leverage nuclease-dead Cas12
variants foradaptive immune protection, inamechanism that relies on
high-affinity RNA-guided DNA binding without cleavage®?*. Whereas
these effectors presumably emerged via RuvCinactivation subsequent
to the initial cooption of a TnpB family nuclease by CRISPR-Cas sys-
tems, our study indicates that TIdRs evolved independently without
ever passing through a CRISPR-associated intermediate. The recent
observation of cas12f/tnpB-like genes adjacent to sigma factor genes*
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 TIdR 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 TIdRs

Aninitial search of the NCBInon-redundant protein database — queried
with TnpB sequences from Helicobacter pyloriand Geobacillus stearo-
thermophilus (WP_078217163.1 and WP_047817673.1, respectively) in
Jackhmmer” (as described in Meers et al.’) — 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-HIT™
to produce a set of 2,646 representative TnpB sequences. A multiple
sequence alignment (MSA) was then constructed with MAFFT”” (EINSI;
four rounds), which was trimmed manually with trimAI” (90% gap
threshold; v1.4.rev15). The resulting alignment of TnpB/TIdR homo-
logues was used to construct a phylogenetic tree in IQTree”” (WAG
model, 1,000 replicates for SH-aLRT, aBayes and ultrafast bootstrap)?,
whichwas annotated and visualized in ITOL®,

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
Casl2f; PDBID 8H1) and 7L48, respectively). This comparison was per-
formed by aligning each candidate, as well as the homologues repre-
sentedinthe closest five tree branches on either side of it, to DraTnpB
and UnCasl12f using the AlignSeqs function of the DECIPHER package®
inR. TnpB-like protein sequences with less than two conserved residues
of the RuvC DED catalytic motif were extracted using the Biostrings
package®?inR.Foreach sequence with less than two active site residues
identified (defined as TIdR), related homologues were retrieved from
initial sequence clusters, and additional related homologues were
identified viaBLASTP searches of the non-redundant protein database
(e<1x107°, query coverage > 80%, maximum target sequences = 50)*.
Eachrepresentative 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. Thisapproachresultedin
the identification of 494 unique TIdR homologues. Genomes encod-
ing each TIdR were retrieved from the NCBI using the batch-entrez
tool. TIdR-encoding loci (that is, t/dR + 20 kb) were extracted using
the Biostrings package® in R, and each t/dR 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)®*. Annotated t/dR loci were manually inspected
in Geneious.

To assess transposase associations, TnpA was detected using the
Pfamentries for Y1_Tnp (PF01797) and serine resolvase (PF00239) via
anhmmesearch from the HMMR suite (v3.3.2), with an evalue threshold
of 107, as previously described®. 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
Prodigal® with default settings. The union of these searches was used as
thefinal set of detected TnpA proteins. IS elements thatencoded TnpB
homologues within10,000 bp of adetected TnpA are plottedin Fig. 1b.

Bioinformatic analyses of TIdR homologues associated with
fliC,, oppF and csrA

To further investigate fliC-associated TIdR homologues, we extracted
cluster members for three representative branchesinthe tree shownin
Fig.1b (WP_193971683.1, WP_064735610.1 and WP_048785942.1). The
proteinfile representing these combined clusters was supplemented
with additional homologues identified via BLASTP searches of the
non-redundant database®. The resulting concatenated protein file
includedboth TIdR and related TnpB sequences. To increase the diver-
sity of TnpB proteins represented in this dataset, three additional TnpB
homologues (WP_269608765.1, WP_024186316.1and 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
package® in R to verify the active site composition of each orthologue.
To determine which ¢ldR/tnpB genes were associated with fliC, we ana-
lysed Eggnog annotationinformation for eachlocus (described above)
and extracted TIdR/TnpB sequences that were encoded within three
ORFs of fliC.

Alocus was defined as phage associated if it contained four or more
gene annotations that contained the word ‘Phage’, ‘phage’, ‘Viridae’
or ‘viridae’. TIdR/TnpB protein sequences were then de-duplicated
via CD-HIT? (-¢ 1.0), and an MSA was built in MAFFT”” (LINSI) from
the resulting set of 160 unique proteins. Protein domain coordinates
displayed around the treein Fig. 2c were inferred by cross-referencing
the MSA and predicted structures. The phylogenetic tree shown in
Fig. 2c was built from the TIdR/TnpB MSA in FastTree® (-wag -gamma)
and was annotated and visualized in ITOL®, Structural models of
each candidate shown in Fig. 1d were predicted with AlphaFold®’
(v2.3) and displayed with ChimeraX®® (v1.6); MSAs were visualized
in Jalview®’.

Tointerrogate oppF-associated TIdR sequences, we extracted cluster
members and additional homologuesidentified via BLASTP® searches
of the non-redundant database (e <1x107°, query coverage > 80%,
maximum target sequences = 50) for six branches representing
TIdR proteins in the tree in Fig. 1b (RBR34854.1, WP_016173224.1,
WP_156233666.1, NTQ19983.1, 0TP13636.1 and OSH30650.1). We
concatenated these sequences with cluster members and additional
homologues identified through anidentical BLASTP search of one
representative TnpB branch (EOH94253.1) that corresponded to the
closest branch to the six TIdR 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 presentin the dataset (e < 0.05). Genomes encod-
ing TIAR/TnpB proteins were downloaded from the NCBI using the
Batch-entrez tool, relevant loci (¢/dR/tnpB + 20 kb) were extracted
using the Biostrings package® in R, and each locus was annotated
with Eggnog (see above)®*. Each TIdAR/TnpB protein was individually
aligned to DraTnpB using the AlignSeqs function of the DECIPHER
package®! in R to verify its RuvC active site composition. TIdR/TnpB
sequences were then deduplicated via CD-HIT? (-c 1.0), and an MSA
was built in MAFFT?” (LINSI) from the resulting set of 204 unique
proteins. An initial phylogenetic tree was constructed in FastTree®
(-wag-gamma), and this tree was used to guide the selection of eight
representative TIdRs and four representative TnpBs (shown in Sup-
plementary Fig. 4) that were structurally predicted with ColabFold*°
(v1.5). These 12 predicted structures were used to guide an alignment
of TIdR/TnpB protein sequences in Promals3D?, and the resulting
MSA was used to build the tree in Extended Data Fig. 1in 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 ITOL®.

To probe oppF-associated TIdR loci, we extracted cluster mem-
bers and additional homologues identified via BLASTP® searches
of the non-redundant database (e <1x107°, query coverage > 80%,
maximum target sequences = 500) for one TIdR protein in the tree
inFig. 1b (WP_204886977.1). Genomes encoding TIdR/TnpB proteins
were downloaded from NCBI using the Batch-entrez tool, relevant
loci (¢tldR/tnpB + 20 kb) were extracted using the Biostrings package®
in R, and each locus was annotated with Eggnog (see above)®. Each
TIdR/TnpB protein was individually aligned to DraTnpB using the
AlignSeqs function of the DECIPHER package® in R to verify its RuvC
active site composition. TIdR/TnpB sequences were then deduplicated
via CD-HIT” (-c1.0), resulting in 36 additional unique TIdR proteins.
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Bioinformaticidentification of TIdR-associated gRNA
sequences
To define the boundaries of gRNA scaffolds in fliC,~tldR loci, we used
ageneral gRNA covariance model described in previous work®. The
CMsearch function of Infernal (Inference of RNA alignments; v1.1.2)**
was used to scan nucleotide sequences of t/dR and 500-bp flanking
windows, resulting in the identification of putative gRNA scaffold
sequences. These TIdR-associated gRNA scaffold boundaries were
confirmed by comparing fliC,~tldR loci to ®RNAs from confidently
predicted annotations of catalytically active TnpB loci. Putative TIdR
guide sequences could thenbe retrieved from the 3’ boundary of puta-
tive gRNA scaffolds, enabling prediction of native fliC,-associated TIdR
targets. Putative guides are listed in Supplementary Table 3.
Ananalogous search of oppF-associated tldR lociwithageneral gRNA
covariance model failed to identify putative gRNA sequences. For this
group of tldR loci, we instead built anew covariance model from ®RNA
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_113785139.1in KZ845747). We then aligned nucleotide sequences
for all the related tnpB genes and 500 bp of sequence downstream of
tldR with MAFFT”” (LINSI). The resulting alignment was trimmed at the
3’endto the position of the wRNA scaffold-guide boundaryidentified
forthe WP_113785139.11ocus. This putative set of TnpB wRNA sequences
was realigned with LocaRNA® (--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 t/dR/tnpB
and 500 bp of downstream sequence with the ABC_gRNA _v1 covari-
ance model. This search resulted in gRNA identification for some,
butnotall, t/dR loci. Thus, asecond gRNA covariance model was built
by extracting the newly identified TIdR/TnpB gRNA sequences from
their respective genomes, merging them with the sequences used to
construct ABC_gRNA _vl, aligning the prospective gRNA dataset in
LocaRNA, and building and calibrating a new covariance model with
Infernal (ABC_gRNA_v2). When sequences comprising t/dR/tnpB and
500 bp downstream were scanned with the ABC_gRNA_v2 covariance
model, viaCMsearch, 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 fliC,—~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)**in
paired-end mode with default parameters, and alignments were con-
verted to BAM files with SAMtools®. Bigwig files were generated with
the bamCoverage utility in deepTools®®, and unique reads mapping
to the forward strand were visualized with the Integrated Genome
Viewer (IGV)?. 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 IGV”.

Plasmid and E. coli strain construction

Allstrains and plasmids used in this study are described in Supplemen-
tary Tables 4 and 5, respectively,and asubset is available from Addgene.
In brief, genes encoding candidate TIdR and TnpB homologues (Sup-
plementary Table 6), alongside their putative gRNAs, were synthesized
by GenScript and subcloned into the Pfol and Bsu36i restriction sites
of pCDFDuet-1, to generate pEffector, similar to our previous work>.

Expression vectors contained constitutive J23105and 23119 promot-
ers driving expression of t/dR/tnpB and the gRNA, respectively, and
tldR/tnpB genes encoded an appended 3xFLAG-tag at the N terminus.
gRNAs for fliC-associated TIdRs were designed to target the host fliC
5 untranslated site (UTR) site, whereas gRNAs of oppF-associated
TIdRs were engineered to target the genomic site natively targeted
by a GstTnpB3 homologue. Derivatives of these pEffector plasmids,
ortheirassociated pTarget plasmids (for plasmid interference assays),
were cloned usinga combination of methods, including Gibson assem-
bly, restriction digestion-ligation, ligation of hybridized oligonucleo-
tides, and around-the-horn PCR. Plasmids were cloned, propagatedin
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 sfGFPand mRFP genes was constructed by adding three target
sitesadjacentto 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)% (Supplementary Table 4). The
original strain (with genomic sfGFPand mRFP) was a gift fromL.S. Qi.
Theinserted target sites represent 25-bp sequences derived from the
5" UTR of host f1iC (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
used>.

ChIP-seq and motif analyses of genomic sites bound by TIdR
ChIP-seqexperiments and data analyses were generally performed as
previously described*®, except for the use of sSL3580. In brief, E. coli
MG1655 cells were transformed with pEffector and incubated for16 h
at37 °C on LB agar plates with antibiotic (200 pg ml™ spectinomycin).
pEffector plasmids encoded t/dR/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 TIdR target sequence (for fliC,-associated TIdRs),
or agenomically integrated synthetic sequence (for oppF-associated
TIdRs). The latter two targets were integrated at a synthetic locus
between mRFPand sfGFPthat disrupts the E. coli nsfA gene (coordinates
891,184-891,906in NC_000913.3). Cells were scraped and resuspended
in LB medium. The optical density at 600 nm (OD,,) was measured,
and approximately 4.0 x 108 cells (equivalent to 1 ml with an OD,
of 0.25) were spread onto two LB agar plates containing antibiotic
(200 pg ml™ 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-HCI (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 TIdR proteins was performed using
Dynabeads Protein G (Thermo Fisher Scientific) slurry (hereafter,
beads or magnetic beads) conjugated to anti-FLAG M2 antibodies
(4 pl of 1 mg mI™) 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, anon-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
at65 °Covernight toreverse-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-seqllluminalibraries were prepared forimmunoprecipitated
andinput samples using the NEBNext Ultra Il 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 £. coli K12 MG1655 reference genome (derivative of Gen-
Bank NC_000913.3). Genomic lacZand lacl 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 IGV”. 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)*° using the
non-immunoprecipitated control sample of EcoTIdR as reference.
For each peak, 200-bp sequences were extracted fromthe E. coli refer-
ence genome using BEDTools'* (v2.30.0) and sequence motifs were
identified using MEME-ChIP'” (5.4.1). Primers used for llluminalibrary
preparation arelisted in Supplementary Table 7, and ChIP-seq read and
metainformationis listed in Supplementary Table 8.

RIP-seq of RNA bound by TIdR

Cells harvested for RIP-seq were cultured as described for ChIP-seq
using an £. coliK12 MG1655 strain expressing sfGFPand mRFP (sSL3580).
Colonies from a single plate were scraped and resuspended in 1 ml
of TBS buffer (20 mM Tris-HCI (pH 7.5) and 0.15 M NaCl). Next, the
ODy,, was measured for a1:20 mixture of the cell suspension and TBS
buffer,and astandardized amount of cell material equivalent to 20 ml
of 0D, = 0.5 was aliquoted. Cells were pelleted by centrifugation at
4,000gand 4 °Cfor 5 min. The supernatant was discarded and pellets
were stored at —80 °C.

Antibodies forimmunoprecipitation were conjugated to magnetic
beadsasfollows: for eachsample, 60 pul Dynabeads Protein G (Thermo
Fisher Scientific) were washed three timesin1 mIRIP lysis buffer 20 mM
Tris-HCI (pH 7.5), 150 mM KCI, 1 mM MgCl, and 0.2% Triton X-100),
resuspended in 1 mlRIP lysis buffer, combined with 20 pl of 1 mg ml™
anti-FLAG M2 antibody (Sigma-Aldrich), and rotated for more than3 h
at4 °C. Antibody-bead complexes were washed three times to remove
unconjugated antibodies and resuspended in 60 pl RIP lysis buffer
persample.

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 minat4 °Cat 21,000gto pellet cell debris and
insoluble material, and the supernatant was transferred to anew tube.
At this point,asmall volume of each sample (24 pl or 2%) was set aside
asthe ‘input’ starting material and stored at =80 °C.

For immunoprecipitation, each sample was combined with 60 pl
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-HCI, 150 mMKCland1 mM MgCl,). 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 pl 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 lllumina 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 areference
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
described. E. coli K12 MG1655 (sSL0O810) 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 pl of H,0. Cells were then serially diluted (10x), plated as 8-pl
spots onto LB agar supplemented with spectinomycin (200 pg ml™)
and kanamycin (50 pg ml™), 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 pl of a tenfold
dilution was plated onto a full LB agar plate containing spectinomycin
(200 pg ml™) and kanamycin (50 pg ml™). 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 study*?8, An E. coli strain expressing a genomically integrated
SfGFP (sSL3761), derived from a strain provided by L. S. Qi®, was
co-transformed with200 ng of pEffector and pTarget (vector sequences
listedin 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 shownin Fig. 4f,g and
Extended DataFig. 8c, gRNAs were designed to target the constitutive
RFPpromoter 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 pl of the over-
night culture was used to inoculate 200 pl of LB medium on a 96-well
optical-bottom plate. The fluorescence signals for sfGFP and mRFP
were measured alongside the OD,,, using a Synergy Neo2 microplate
reader (Biotek), while shaking at 37 °C for 16 h. For all samples, the
fluorescence intensities at 0D, = 1.0 were used to determine the fold
repression for each TIdR or Cas-targeting complex, and the datawere
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normalized to the non-repressed signal for sSL3761. Background GFP
and RFP fluorescence intensities at OD¢,, = 1.0 were determined using
an E. coliK12 MG1655 strain (sSLO810) lacking sfGFP and mRFP genes,
and were subtracted from all RFP and GFP fluorescence measurements.
Repression activity for dCas9 exhibited less strand orientationbias than
previously described™ (Extended Data Fig. 8b), which may be explained
bythefactthat gRNAtargetstested inthis study were locatedinthe 5’
UTR and thus much closer to the transcription start site than to gRNA
targets previously tested directly within the RFP ORF>2,

Total RNA-seq of Enterobacter strains

E.cloacaestrains (sSL3710, sSL3711, and sSL3712) were obtained from
aCDCisolate 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
TIdR-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),
toremove DNA and 5’ pyrophosphate. For further end repair to enable
downstream adapter ligation, the RNA was treated with T4 PNK (NEB) in
1x 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). llluminaadapter
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 lllumina NextSeq 550 in paired-end
mode with 75 cycles per end.

RNA-seq reads were processed using cutadapt'® (v4.2) to remove
adapter sequences, trim low-quality ends fromreads, and exclude reads
shorterthan15 bp. Trimmed and filtered reads were aligned to reference
genomes (accessions listed in Supplementary Table 4) using bwa-mem2
(v2.2.1)**in paired-end mode with default parameters. SAMtools® (v1.17)
was used to filter for uniquely mapping reads usinga MAPQ (mapping
quality) score threshold of 1, and to sort and index the unique reads.
Coverage tracks were generated using bamCoverage® (v3.5.1) witha
binsize of 1, read extension to fragment size and normalization by CPM
with exact scaling. Coverage tracks were visualized using IGV®". For
transcript-level quantification, the number of read pairs mapping to
annotated transcripts was determined using featureCounts'® (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)'** to determine the log,(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 |log,(fold change)| > 1and adjusted P < 0.05.

Construction of Enterobacter sp. BIDMC93 mutants
E. cloacae strains AR_154 and AR_163 (sSL3711 and sSL3712; respec-
tively) are bothresistant 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 described'®. Mutants were designed
tointroduce 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 wasinduced by incubating cells
at42°Cfor 25 min. Ofeachinsert,200-500 ng was used to transform
cells viaelectroporation (2 kV,200 Q and 25 pF). 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 pg ml™ chloramphenicol
and grown at 37 °C. Chloramphenicol-resistant colonies were geno-
typed by Sanger sequencing (Genewiz) to confirmthe desired genomic
mutation.

RT-qPCRto assess host fliCtranscriptionin 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 pl dsDNase
(Thermo Fisher Scientific) in1X dsDNase reaction buffer in a final vol-
ume of 10 pl and incubated at 37 °C for 20 min. Then, 1 pl of 10 mM
dNTP, 1l of 2 uM 0SL14254, and 1 pl of 2 pM 0SL14280 were added
for gene-specific priming (rrsA and fliC, respectively) and reactions
were heated at 65 °C for 5 min; oligonucleotide sequences are listed
inSupplementary Table 7. Reactions were then placed directly onice,
followed by addition of 4 pl of SSIV buffer, 1 u1100 mM dithiothreitol,
1l SUPERase«In (Thermo Fisher Scientific), and 1 pl of SuperScript
IV Reverse Transcriptase (200 U pl™; Thermo Fisher Scientific), fol-
lowed by incubation at 53 °C for 10 min and then incubation at 80 °C
for10 min. qPCR was performed in10 pl reaction containing 5 pl SsoAd-
vanced Universal SYBR Green Supermix (Bio-Rad), 1 pul H,0, 2 pl of
primer pairat2.5 pM concentration and 2 pl of 100-fold diluted room
temperature product. Two primer pairs were used: 0SL14254-0SL14255
was used to amplify rrsA cDNA and 0SL14279-0SL14280 was used to
amplify host fliCcDNA. 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 °Cfor 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 fIiCin the control strain
(sSL3868, knock-in of cmR downstream of t/dR in strain BIDMC93) to
obtainrelative expression levels, such that a value of 1is equal to that
ofthe controland 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 described'®, with minor variations. Overnight cultures
were diluted 1:100 in LB medium supplemented with the appropri-
ate antibiotic, then grown to OD¢,, = 0.6 at 30 °C. Of culture, 2 pl at
0D, = 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
for14 hbeforeimaging.Images were captured inaBio-Rad Gel Doc XR
Imaging System, using epi-illumination and automatic exposure set-
tings. Colony diameter was measured in Image] by taking the average of
the verticaland horizontal diameter measurements for three replicates.



Flagellar filament isolation

Flagellar filaments were isolated by mechanical shearing and centrifu-
gation, essentially as previously described'”’, with minor modifications.
Overnight cultures of each strain were diluted 1:100 in LB medium
with 25 pg ml™ chloramphenicol, then incubated at 37 °C until mid-log
phase (OD¢,, = 0.4). Cells were centrifuged at 4,000g for 5 min, and the
pellet was resuspended in deflagellation buffer (1M Tris-Cl (pH 6.5)
and 100 mM NacCl). 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°Cfor1h,andthen centrifuged at14,000g for 10 minat 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-HCI (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 wereboiled at 95 °C for 10 min, and 8 pl 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 areaencompassing the FliC, FliC,, and FliC, (asecond host
flagellingene copy encoded at an alternate flagellar assembly locusin
Enterobacter sp.BIDMC93 thatis not targeted by TIdR and commonly
absent in other Enterobacter strains) bands in each lane was excised
and in-gel digestion was performed following a previously described
protocol'®, with minor modifications. Gel slices were washed with a
solution of 1:1acetonitrile and 100 mM ammonium bicarbonate for
30 min, followed by dehydration with100% acetonitrile for 10 min until
shrinkage. Excess acetonitrile was removed and the slices were dried
inaspeed 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 asolution of 25 ng pl™ trypsinin 50 mM ammonium
bicarbonate for 30 min onice and then digested overnight at 37 °C.
Digested peptides were collected and extracted fromthe gelslicesinan
extraction buffer (1:2 ratio by volume of 5% formic acid:acetonitrile) at
high speed, shakinginan air thermostat. The supernatants from both
extractions were combined and dried in aspeed vacuum. Peptides were
dissolvedin1%trifluoroaceticacid, vortexed and subjected to StageTip
clean-up via SDB-RPS', followed by drying in a speed vacuum. Finally,
peptides were resuspended in 10 pl 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 ataflow rate of 400 nlmin™on
areversed-phase C18 column with an integrated CaptiveSpray Emit-
ter (25 cm x 75 um, 1.6 pm, lonOpticks). Mobile phases A and B were
with 0.1% formic acid in water and 0.1% formic acid in acetonitrile.
The fraction of Bwas linearly increased from 2% to 25% within 35 min,
followed by anincrease to 40% within 10 min, and a further increase to
95% before re-equilibration. The timsTOF Pro2 was operated in PASEF
mode™ with the following settings: mass range of 100-1,700 m/z,1/
KO start of 0.6 Vs cm, end of 1.4 Vs cm™, ramp time of 100 ms, lock
duty cycle to100%, capillary voltage of 1.600 V,dry gas of 3 I min™, 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, anactive exclusion for 0.4 min, targetintensity of 20,000,
intensity threshold of2,500, and CID (collision-induced dissociation)
collision energy of 59 eV. A polygon filter was applied to the m/zand
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
environmentv2.4.13.0 and Andromeda™ for database searches at de-
fault settings with afew 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 UP0O00036586). The protein sequences
for FliC, FIiC, or FliC, 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
proteinidentification and quantification: carbamidomethylation of
cysteineresidues (+57.021 Da) was set as static modifications, whereas
the oxidation of methionine residues (+15.995 Da) and deamidation
(+0.984) onasparagine were set as a variable modification. For results
obtained from MaxQuant, protein groups tables were further used for
dataanalysis.

Reporting summary
Furtherinformation onresearch designis 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 TIdR-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.

Code availability

Custom scripts used for bioinformatics, TAM library analyses, and
ChIP-seqdata analyses are available on request. The R script describ-
ing initial steps to discover TldRs is available at https://github.com/
sternberglab/Wiegand_etal 2024.

75. Eddy, S.R. Accelerated profile HMM searches. PLoS Comput. Biol. 7, 1002195 (2011).

76. Huang, Y., Niu, B., Gao, Y., Fu, L. & Li, W. CD-HIT Suite: a web server for clustering and
comparing biological sequences. Bioinformatics 26, 680-682 (2010).

77.  Katoh, K., Kuma, K., Toh, H. & Miyata, T. MAFFT version 5: improvement in accuracy of
multiple sequence alignment. Nucleic Acids Res. 33, 511-518 (2005).

78. Capella-Gutierrez, S., Silla-Martinez, J. M. & Gabaldon, T. trimAL: a tool for automated
alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972-1973
(2009).

79. Minh, B. Q. et al. IQ-TREE 2: new models and efficient methods for phylogenetic inference
in the genomic era. Mol. Biol. Evol. 37,1530-1534 (2020).

80. Letunic, |. & Bork, P. Interactive Tree of Life (iTOL) v5: an online tool for phylogenetic tree
display and annotation. Nucleic Acids Res. 49, W293-W296 (2021).

81.  Wright, E. S. DECIPHER: harnessing local sequence context to improve protein multiple
sequence alignment. BMC Bioinformatics 16, 322 (2015).

82. Biostrings: String objects representing biological sequences, and matching algorithms.
R package version 2.70.1 (Pages, H. A. P.,, Gentleman, R. & DebRoy, S., 2023).

83. Camacho, C. et al. BLAST+: architecture and applications. BMC Bioinformatics 10, 421
(2009).


https://www.uniprot.org/proteomes/UP000036586
https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1029663
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE245749
https://www.ncbi.nlm.nih.gov/nuccore/NC_000913.3
https://www.ncbi.nlm.nih.gov/sra/?term=ERR6044061
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE115009
https://www-is.biotoul.fr/index.php
https://github.com/sternberglab/Wiegand_etal_2024
https://github.com/sternberglab/Wiegand_etal_2024

Article

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Cantalapiedra, C. P.,, Hernandez-Plaza, A., Letunic, |., Bork, P. & Huerta-Cepas, J.
eggNOG-mapper v2: functional annotation, orthology assignments, and domain
prediction at the metagenomic scale. Mol. Biol. Evol. 38, 5825-5829 (2021).

Hyatt, D. et al. Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics 11, 119 (2010).

Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree 2 — approximately maximum-likelihood
trees for large alignments. PLoS ONE 5, 9490 (2010).

Jumper, J. et al. Highly accurate protein structure prediction with AlphaFold. Nature 596,
583-589 (2021).

Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges in visualization and
analysis. Protein Sci. 27, 14-25 (2018).

Waterhouse, A. M., Procter, J. B., Martin, D. M., Clamp, M. & Barton, G. J. Jalview version 2
— amultiple sequence alignment editor and analysis workbench. Bioinformatics 25,
1189-1191 (2009).

Mirdita, M. et al. ColabFold: making protein folding accessible to all. Nat. Methods 19,
679-682 (2022).

Pei, J., Kim, B. H. & Grishin, N. V. PROMALS3D: a tool for multiple protein sequence and
structure alignments. Nucleic Acids Res. 36, 2295-2300 (2008).

Nawrocki, E. P. & Eddy, S. R. Infernal 1.1: 100-fold faster RNA homology searches.
Bioinformatics 29, 2933-2935 (2013).

Will, S., Joshi, T., Hofacker, I. L., Stadler, P. F. & Backofen, R. LocARNA-P: accurate

boundary prediction and improved detection of structural RNAs. RNA 18, 900-914 (2012).

Vasimuddin M., Misra, S., Li, H. & Aluru, S. Efficient architecture-aware acceleration of
BWA-MEM for multicore systems. In 2019 IEEE International Parallel and Distributed
Processing Symposium (IPDPS) https://doi.org/10.1109/IPDPS.2019.00041 (IEEE, 2019).

Danecek, P. et al. Twelve years of SAMtools and BCFtools. Gigascience 10, giab008 (2021).

Ramirez, F. et al. deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res. 44, W160-W165 (2016).

Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24-26 (2011).
Hoffmann, F. T. et al. Selective TnsC recruitment enhances the fidelity of RNA-guided
transposition. Nature 609, 384-393 (2022).

Zhang, Y. et al. Model-based analysis of ChIP-seq (MACS). Genome Biol. 9, R137 (2008).
Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for comparing genomic
features. Bioinformatics 26, 841-842 (2010).

Bailey, T. L. et al. MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res.
37, W202-W208 (2009).

Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet.journal https://doi.org/10.14806/ej.17.1.200 (2011).

Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general purpose program for
assigning sequence reads to genomic features. Bioinformatics 30, 923-930 (2014).
Love, M. |., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

Sharan, S. K., Thomason, L. C., Kuznetsoy, S. G. & Court, D. L. Recombineering:

a homologous recombination-based method of genetic engineering. Nat. Protoc. 4,
206-223 (2009).

Luo, G. et al. flrA, flrB and flrC regulate adhesion by controlling the expression of critical
virulence genes in Vibrio alginolyticus. Emerg. Microbes Infect. 5, e85 (2016).
Kreutzberger, M. A. B. et al. Flagellin outer domain dimerization modulates motility in
pathogenic and soil bacteria from viscous environments. Nat. Commun. 13, 1422 (2022).

108. Shevchenko, A., Tomas, H., Havlis, J., Olsen, J. V. & Mann, M. In-gel digestion for mass

spectrometric characterization of proteins and proteomes. Nat. Protoc. 1, 2856-2860

(2006).

Kulak, N. A., Pichler, G., Paron, I., Nagaraj, N. & Mann, M. Minimal, encapsulated

proteomic-sample processing applied to copy-number estimation in eukaryotic cells.

Nat. Methods 11, 319-324 (2014).

110. Meier, F. et al. Online parallel accumulation-serial fragmentation (PASEF) with a novel
trapped ion mobility mass spectrometer. Mol. Cell. Proteomics 17, 2534-2545 (2018).

11. Cox, J. et al. Andromeda: a peptide search engine integrated into the MaxQuant
environment. J. Proteome Res. 10, 1794-1805 (2011).

109.

Acknowledgements We thank S. R. Pesari and Z. Akhtar for laboratory support; G. D. Lampe
for suggesting the TldR moniker; A. Bernheim for helpful discussions; F. Tesson, A. Bernheim,
A. M. Earland D. Gray for sharing E. coli and Enterobacter strains; C. Lu for Covaris sonicator
access; R. K. Soni for mass spectrometry support; L. F. Landweber for gPCR instrument access;
and the JP Sulzberger Columbia Genome Center for next-generation sequencing support.
ST. was supported by a Medical Scientist Training Program grant (5T32GM145440-02) from
the NIH. M.W.G.W. was supported by a National Science Foundation Graduate Research
Fellowship. C.M. was supported by the NIH Postdoctoral Fellowship F32 GM143924-01A1.
S.H.S. was supported by the NSF Faculty Early Career Development Program (CAREER) Award
2239685, a Pew Biomedical Scholarship, an Irma T. Hirschl Career Scientist Award, and a
startup package from the Columbia University Irving Medical Center Dean’s Office and the
Vagelos Precision Medicine Fund.

Author contributions TW., C.M., and S.H.S. conceived and designed the project. TW.
performed all of the bioinformatics experiments and aided in the design of the experimental
assays. FT.H. performed plasmid interference, ChIP-seq, and the RFP repression assays.
M.W.G.W. designed and generated the E. coli strains and plasmids for the RFP repression
assays, fragments for Enterobacter recombineering, conducted the motility assays and
isolated flagella for liquid chromatography with tandem mass spectrometry. ST. performed
and analysed the RNA-seq and RIP-seq experiments. E.R. cultured Enterobacter strains,
extracted RNA for RNA-seq, and performed the RT-gPCR and recombineering experiments.
C.M. performed the preliminary TnpB bioinformatics and neighbourhood analyses, together
with H.C.L., and helped design the ChIP-seq and RFP repression assays. TW. and S.H.S.
discussed the data and wrote the manuscript, with input from all authors.

Competing interests Columbia University has filed a patent application related to this work.
M.W.G.W. is a co-founder of Can9 Bioengineering. S.H.S. is a co-founder and scientific advisor
to Dahlia Biosciences, a scientific advisor to CrisprBits and Prime Medicine, and an equity
holder in Dahlia Biosciences and CrisprBits. All other authors declare no competing interests.

Additionalinformation

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-024-07598-4.

Correspondence and requests for materials should be addressed to Samuel H. Sternberg.
Peer review information Nature thanks Wen Wu and the other, anonymous reviewer(s) for their
contribution to the peer review of this work.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1109/IPDPS.2019.00041
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/s41586-024-07598-4
http://www.nature.com/reprints

a b

Ece: WP_113843517.1* GIDLG CIEDL DRDIN
Ste: WP_028983493.1 GVDLG VVEDL DRD I N
RuvC: DED Shy: WP_277281207.1 GLDLG VIEDL DRD I N
3 intact Lac: WP_242450195.1 GYDLN VGENL IRDYN
2intact Efat: WP_002406890.1* GICSS C 1 EKA NSEYL
W 1intact Ero: WP_208930379.1 GITLG CIEDI DPETA
B No DED Emu: WP_034688898.1* GIAYD FVES | TN- - K
S Efa2: WP_002289328.1 GIAYH FVESF SV- - R
REG Tos: WP_123935583.1 GIAYC YLEE- o0 w00
- Eca: WP_121260685.1 AIVYD YLEQI ceeeT
= WED Ece: WP_016251060.1% RLSFD EIVEP ~  ann--
RuvC Esa: WP_232061298.1 EIAYD T KP 262—7—322 - - - . .
ZnF REC WED RuvC ZnF RuvC Tail
[ [ i
I I N S S — —=| W — -;-
I N
I o L1 & & |
T & |
I N
I N N NN N RN — I .
I W . —— I
I I N D S R
| — I NN SN S NN S
I N . —
I I DN S S NN
1 — I N L
200 300
AlphaFold predictions

Ece: WP_113843517.1 Efa1: WP_002406890.1 Emu: WP_034688898.1

Extended DataFig.1|Phylogeny and RuvC nuclease domain analysis of b, Multiple sequence alignment of representative TnpB and TIdR sequences
oppF-associated TIdRs. a, Phylogenetic tree of oppF-associated TIdR proteins ~ froma, highlighting deterioration of RuvC active site motifs (shaded inred)

fromFig.2a, together with closely related TnpB proteins that containintact and loss of the C-terminal zinc-finger (ZnF)/RuvC domain. Highly conserved
RuvC activesites. Theringsindicate RuvC DED active siteintactness (inner) residues areshaded in grey. ¢, Empirical (DraTnpB) and predicted AlphaFold

and TIdR/TnpB domain composition (outer). Homologs marked withanorange  structures of TnpB and TIdR homologs marked with an asteriskinb, showing
square (TnpB) or greencircle (TIdR) were tested in heterologous experiments. progressive loss of the active site catalytic triad.



Article

Enterobacter AR_163 (CP021749.1) (sSL3712)

a Leclercia sE, W6 fCP031 104.1)

98107

HE-8ER-000M

Leclercia adecarboxylata strain M17 (CP102377.1)

Enterobacter kobei strain 1425 (FJYX01000002.1)

10070 96767/

Enterobacter kobei strain Ek72 (CP088229.1)

Enterobacter BIDMC93 (KQ089962.1) (sSL3690)

o D B0 o D B

9970

OO -
C OO O

Enterobacter cloacae isolate 662 (OW969620.1)

Enterobacter kobei strain 11743-yvys (CP083862.1)

99167 99197/

Enterobacter kobei strain 6 (CP088119.1)

Escherichia coli strain ARS-CC9581 (NZ_JAJOFS010000010.1)

OO

1007 10075

© fic, © tarR

Enterobacter cloacae isolate 662 (OW969620.1)

@ Prophage

> Host

Escherichia coli strain 118Ul (CP032515.1)

@
r
>
o
=
3

-
c
3

<

30 32 34 36 38kbp Cc

: ARS-CC9581

. 11743-yvys

.e1425

. BIDMC93
AR_163

|_IL|<_I_LLJJEDEI

Escherichia

2 4 6 8

Enterobact\éfkobei 11743-yvys tldR pﬂmge\

ARS-CC9581+[§l!
B 11743-yvys: 12.9 137
£
Fi e1425 9.7 11.8
o
o we: 25 53
<

n] -
@ BIDMCY3 100 |84.7

) 4 6 8 10 12 14 24 26 28 30 44kbp ~ AR_163 86.1 100
E Percent identiﬁ
[mmm]) :IEI:II I I — I T | | I TICT 1T I O TT 11T o 25 50 75 100
Enterobacter kobeie1425 tldR prophage _
2 4 6 8 10 12 /1,4,,E,4e—/13*<f’20 22 24 26 28 30 32 34 36 38 40 42 46 48 50 52 54 56kbp
lz'\:lf_\ 1 V_LVI_1”**7777, O ,,}:Hjiijl\ 1011000000 I T IITTTCTI0T PANE I 1 o —
Leclercia sp. W6 tldR ;Egphage e e S
2 4 6 8 10 12 18 20 22 Mgs‘ 28 30 % 32 34 36 38 40 % ?g 50 52 kbp
!
= e S (L { | l
L 1 I I T ] CITTS T TT O 1T 170 1 TT 0 ]
oo o & \\_]EEIDEI g CoOrmpoo \ LD [
Enterobacter BIDMC93 t/dR prophage
2 4 6 8 10 12| 14 16 18 20 22 24 26 \28 30 32\ 34 36 38 40 |42 44 46 48 50, 52 5dkbp
I M W TP T
[intExcis] Replcation  Transcription JRNR Replication gl Transcription) [Packaging|Head assembly i Stuctural I FIC, TIdR
— np oD I T———O000m ), OO D00 T T T 0T O T L8 s Y s s
[0 —

Enterobacter AR_163 t/dR prophage

Extended DataFig.2|Diverse prophages encodefliC,-associated t/dR
genes. a, Genomicarchitecture of representative prophage elements whose
boundaries could beidentified by comparisonto closely related isogenic
strains.Ineachexample, the prophage-containing strainis shown above the
prophage-lacking strain, with species/strain names and NCBIgenomic
accessionIDsindicated. Sequences flanking the left (5) and right (3’) ends are
highlighted in purple and yellow, respectively, together with their percentage
sequenceidentities 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
shownbelow sequence conservation windows for the fliCp-tldR-encoding
prophage from Enterobacter AR_163 (bottom). c, DNA sequence identities
betweenthe prophagesina, calculated with BLASTn. Identities were calculated
astotal matching nucleotides across the two genomes being compared,
divided by thelength of the query prophage genome.



Covera
(CP

[0-80,911] ‘

1 2 3 4 kbp

ge

Efa7TIdR (Input)
)

Efa1TIdR (RIP)

ori Eﬁi I[ﬁﬁ 3XFLAG-tldR ﬁ EI
|
Putative scaffold (220 nt) Putative guide (20 nt)
2,285 2,290 2,295 2,390 2,400 bp
1 1 1 1 | 1 1 1
Coverage | Coverage
(CPM)
[0 - 43,906]

(CPM)

TTATAAATAGAAGAAC GTCCACGGACAAGTGGTTC CACCATGCGT

+———100-nt scaffold—— i b 9-nt guid !
b
) 880‘3|60 bp ) ., 87900 880000 880400 bp 880,460 ) 880,470 bp )

Coverage Coverage | E. faecalis V583 et Coverage
(CPM) (CPM)
[0-4.62) [0-0.91]
A AATAGAAGAAC CTAATTATTAATGATCAAAATAC

tidR— +———97-nt scaffold k 11-nt guid 4
(o
: : : i
Coverage o Efa1TIdR Rep 2 (Input)
(CPM)
[0 - 273,850] : H Efa1TIdR Rep 2 (RIP)
ori [ — o [ SXFLAG-0R I o
2,285 2,290 2,295 2,390 2,400 bp
1 1 1 I 1 I 1 n
Coverage | | Coverage
(CPM) (CPM)
o S — o zr054e
A T A A A TAGAAGAA CCACGGACAAGTGGTTT CACCATGTC C
—————100-nt scaffold F i b 9-nt guid |
Extended DataFig.3|RIP-seqreveals thatsome oppF-associated TIdR controlis shown. b, Published RNA-seq data for Enterococcusfaecalis V583

proteinsuseshort, 9-11-nt guides. a, RNAimmunoprecipitation sequencing reveals similar gRNA boundaries, including an approximately 11-nt guide.
(RIP-seq) dataforanoppF-associated TIdR homolog from Enterococcusfaecalis  ¢,RIP-seqdataasinaforasecondbiological replicate of EfaITIdR, further
(EfaITIdR) reveals the boundaries of amature gRNA containing a 9-nt guide corroborating the observed 9-11-nt guide length.

sequence. Reads were mapped to the TIdR-gRNA expression plasmid; aninput



Article

(CPM)
10-1:2591) Aus0004

TAATTATT

||||||||||||||||||||||||||:|0||||||||||

-35 -30 -25 -20 -15 -1

Extended DataFig. 4 |oppF-associated TIdRs 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 TIdRs. Key insights resulted
from the use of TAM and ashorter, 9-nt guide. b, Analysis of the guide sequence
fromthe EfalTIdR-associated gRNA in Extended Data Fig. 3 revealed a putative
genomictargetnear the predicted promoter of oppA encoded within the same
ABCtransporter operonimmediately adjacent to the t/dR gene. The magnified
schematics at thebottom show the predicted TAM and gRNA-target DNA
base-pairinginteractions for two representatives (EfalTIdR and EceTIdR), in
whichthe gRNAs target opposite strands. Promoter elements predicted with

a b
T | T | 1 2Mbp
L L L L L
o —
Original New OD940M221 " | E faecalis WEOS51
eticsgopl 6.t guide | strategy: I+ IEENTENTEN : Sl
BLASTn BLASTN Putative target ABC transporter Putative guide
XA
No conserved targets identified Targets identified upstream of oppA FUSC oppA oppB oppC oppD oppF  EfattidrR infC
c oppF-associated -10
35 ERATTATTAATRG
—TTCCATAGCAATIYYSEYAE: TTCTG———{oppA >~
bits NSRRI LILiLi1ri1 49 bp
2 = —AAGGTA TTTATTAAT; AAGA (e
0
| =
0 ] Ae‘éé ] 35 1
g Y P *2-reIrey —TTGAAT TAATTATTATTTAAAA] ——{ToppA -
IEEEENUE RN NN |||||51bp
—AACTTAA ATTAATAATAAATTTT‘ (GGT——
L
Putative target Putative guide _
g ABC transporter g OppA Polypepnde substrate 5 AATTALS::/:AAACC 3
oppA oppB oppC oppD oppF  tidrR - " -
| Putative target . A?C tran}sporter Putatjve guide
OppB OppC OppA OppA oppB oppC oppD oppF EcetldR nudix
KI535313.1 %TCC 43198
OppD OppF r T T L] T T
1 2 Mbp
e 2,317,180 ) 2,317,160 ) 2,317,140 ) ) 2,317,120 ) 2,317,100 bp
Coverage

TGTTGATTTTTTAATAATTATTCATTAAACTCTTAAACAACTTCAGAAAATATTAATTATTCTGAAAATTCCAATAAAGGGGTACGTAAAATG

BPROM are shown as brown squares. c, WebLogos of predicted guides and
genomictargets associated with diverse oppF-associated TIdRs highlighted in
Extended DataFig.1.d, Schematic of the oppF-tldR genomiclocus (left)
alongside the predicted function of OppA as asolute binding protein that
facilitates transport of polypeptide substrates from the periplasmto the
cytoplasm, incomplex with the remainder of the ABC transporter apparatus.
e, Published RNA-seq data for Enterococcus faecium AUS0004*, highlighting
the oppAtranscriptionstartsite (TSS). The predicted gRNA guide sequence
(grey) isshownbeneath the putative TAM (yellow) and target (purple)
sequences, with guide-target complementarity represented by grey circles.



Putative guide ABC transporter Putative target
Ol kK—

E. cecorum ATCC 43198

EceTIdR oppF oppD oppC oppB oppA oppA KI535313.1
0.5 1 l 15 2 Mbp
— — — L L L e
tt 1 1 1 1 1
1 2 3 4 5 6 7
Target Context Orientation Putative Target Sequence (5’-3’)
Putative target !
1: 133,529 - 136,540 bal DX | I  TTGATTTTAATAATTAT C  ACGTC
livd livH livM IivG TAM Target  TAATTAT %
Putative tfarget
2: 182,903 - 185,914 [ >—] T Dl ¥ ] I CATTGTTTAATAATTAT A A AACACA
pgm2 hom Thr. sythase Kinase TAM Target ~ TAATTAT A A A
Putative tPrget
3: 270,244 - 273,255 ) I - CCTTCTTTAATAATTAT CACAA
uvrB uvrA Target TAM TAATTAT
Putative target
4:1,171,587 - 1,174,598 | -  GAATTTTTAATAATTAT A A ATTGCA
oppA (tldR-associated) OppA Target TAM
Putative Earget
5:1,291,581-1,294,502 [} i X < | I  TAAACTTTAATAATTAT A AA TAAAT
bmQ rsmF Deformylase nadR TAM Target
Putative target
6: 1,863,766 - 1,866,777 | > - ATTTTTTTAATAATTAT A ATCAAC
cydC dtpT Target TAM
Putative t‘arget
7:1,977,059 - 1,980,070 ~—— — Il bl N 1+ TATTCTTTAATAATTATT ATCAC
16S MTase lacl Phosphorylase Target TAM
' 3,012bp )

Extended DataFig. 5|oppF-associated TIdR homologs may target additional
sites across the genome. Schematic of Enterococcus cecorum genome and inset
showingthe oppF-tldRlocus (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 eachnumbered targetis shown
below, with TAMsinyellow, prospective targetsin purple,and TIdRgRNA guide
sequencesingrey. Grey circles (right) represent positions of expected

guide-target complementarity.



Article

Off-target #1 Target Off-target #2 Off-target #3
h v v v

fliC -associated
KpiTIdR

EcoTldR

fliC_-associated

Eko1TIdR TnpB
£ho TR
Kpi
Eko2TIdR
Eco
Eko2 Eko1
| 1 L
EhoTIdR
| | . N K ot | |
T T T T T T T T
1 2 3 4 Mbp
Off-target #1 GTTATCGTCTG  C CA E. coli fliC off-target GTTATCGTCTG AAA CA No clear TAM-flanked off-target
Engineered target GTTATCGTCTGGTCCAAACC Engineered target GTTATCGTCTGGTCCAAACCA (tRNA locus)
b Off-target #4
Target Off-target #1 Off-target #2 Off-target #3 v )
v v v v oppF-associated
EcaTldR
sl coa i
EmuTIdR
oppF-associated
TnpB
Efa2TIdR
TIdR
Ece Emu
TosTIdR Efa2
Eca Tos
EceTIdR
ol ki Ry JJ aAl0 e L lnilil..l Ll L L t - e
¢ T T T ¥ T T v T
1 2 3 4 Mbp
Off-target #1 TTTAAGGACAA C Off-target #2 TTTAAGGATAAG T C Off-target #4 TTTAAGGACAA T
Engineered target TTTAAGGACAAGTGGTTCACC  Engineered target TTTAAGGACAAGTGGTTCACC Engineered target TTTAAGGACAAGTGGTTCACC
Extended DataFig. 6| Genome-wide binding datafrom ChIP-seq Off-target #3 has no clear TAM-flanked off-target sequence butisintriguingly
experiments suggest a high mismatch tolerance for some TIdR homologs. located atatRNAlocus, and binding was observed for diverse fliC,- and
a, Genome-wide ChIP-seq profiles for the indicated fliC,-associated TIdR oppF-associated TIdRs that recognized distinct TAMs. The phylogenetic tree
homologs, normalized to the highest peak within each dataset. The magnified atrightindicates therelatedness of the tested and labeled homologs. b, Results
insets atthebottom show the off-target sequences (grey) compared to the for the indicated oppF-associated TIdR homologs, shown asina.

intended (engineered) on-target sequence (purple), with TAMsin yellow.



gRNA |[[-H{ldR/tnpB

pEffector

O>-<2:<<-Q

pTarget pEffector

S
pTarget e @
EES
(o . . .
fliC_-associated TIdR fliC -clade TnpB
% e )
O Kpi L 1 EoR @ Pmi
b
oo | AT B Eco2
P
O Ekot .0:5 . B Sen
o | @@E =" B Bub
o .
OlLec ‘° @-»‘ =] 5\5:-?)2
~ 10° 107 102 10° 10%
ocwo?| @ @rE Plating dilution
fliC -associated
24
ocno | @9 e g‘:‘ & .
Eho
owr| @@ 5 °

100 10 102 10° 10+
Plating dilution

Extended DataFig.7|Plasmid interference assays confirmthat TIdR
homologslack detectable nuclease activity. a, Schematic of £. 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

GstTnpB (WT)

.

b 1
L ¥ 2
2

100 107 102 10° 104
Plating dilution

dGsfTnpB (D196A)

d oppF-associated TIdR oppF-clade TnpB
@ Efat C Ece
@ Ero Lac s
.
@ Eca Ste <. 2
@ Emu Shy €
@ Efa2 Ece o .
(NT) TEVe® o
10° 10" 102 10° 10*
@ Tos Plating dilution
oppF-associated
@ Ece
@ Esa
Efat
O )

100 10 102 10° 10+
Plating dilution

37 °Cfor16 h. Colony visibility was enhanced by inverting the colors and
increasing contrast/brightness. ¢, Dilution spot assays for the indicated
fliC-associated TIdR homologs (left) and closely related TnpB homologs
(right). Non-targeting (NT) gRNA controls areshown at the bottom, and the
phylogenetictreeindicates therelatedness of the tested proteins. d, Results
fortheindicated oppF-associated TIdR and TnpB homologs, shownasinc.



Article

a TAM DNA-gRNA complementarity
10 15

NT

20 nt

9 nt

9 nt (native)

6 nt (seed)

20 nt (no 5' seq)

1.0 OppF-associated, Promoter Top strand (Efa1)

D Complementary . Not Complementary

Top*

20 @
2 08
S 86_\
120 nt J fw 06
5'seq 59
) gg 0.4
N2 3% Scaffold Guide E= 02
o
=4 0.0 xy 2
SO
L2 NN N @elb b
SN
RN
< © N
& v

fliC _-associated

b oppF-associated
TnpB
Top* AL pTIdR pRFP P
“(_9RNA  pTIdR O O TIdR Esa
¥ v Eho
G = % Kpi Ece
Bottom -|. Target pRFP ”
\ Eco
EkoZ | Ecl Eko1
Lec
C
8 0.05 fliC -associated, Top strand 005 oppF-associated, Top strand 0.12, dCas12
[ = o
P 0.04 0.04 0.08 0.02
(28T v
go 0.03 0.03
ég 0.02 0.02 0.04 0.01
g" 0.01 0.01
Z o001k . 0.00—1 0.00 0.00-
EV Eho Kpi Eco Eko1l Ecl Lec Eko2 Eho EV Efat Efat Ero Emu Tos Eca Ece Esa EV Top
(NT) (NT) op
0.20 fliC_-associated, Bottom strand 0.12- oppF-associated, Bottom strand 0.10-
o )
o [}
8o 015 0.09
[T
59 0.10 0.06 0.051
2
X 0.05 ﬁ ﬁ 0.03
S
z 0.00 T T T T @ 0.00 T 00-
EV Eho Kpi Eco Eko1l Ecl Lec Eko2 Eho EV Efal Efal Ero Emu Efa2 Tos Eca Ece Esa EV Btm
(NT) (NT) PAM D

Extended DataFig. 8| RFP repression assays reveal variable abilities of
TIdRhomologs toblock transcription elongation. a, RFP repressionactivity
was measured (right) as in Fig. 4f,g using modified gRNAs exhibiting variable
complementarity to the target site, as schematized in the grid (left). AgRNA
was also tested that lacked the extra 5’ sequence which was absentin RIP-seq
reads of mature gRNAs (20 nt no 5’ seq). Barsindicate meants.d. (n=3
biological replicates). b, Schematic of RFP repression assay in which gRNAs

replicates for TIdR; n = 6 biological replicates for dCas12/dCas9).

EV Btm

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



1,708,280 by
a 0P

2,743,%’:00 bp

4,188,100 bp

Coverage Coverage
(CPM) (CPM)
[0 - 1,325] [0-4,701]

ACGAATTTTAAG

———— 97-nt scaffold
1,708,500

AGTGATTAT

Coverage
(CPM)
[0-292]

ATGAATTTTAAG
—— 97-nt scaffold

T GG
——— 95-nt scaffold

16-nt guid

AACGTCTGGTCCAATACTAATTGG
16-nt guid |

1,709,500 bp 2,743,000 bp 4,187,000 4,188,000 bp
Coverage Enterobacter BIDM093 Coverage Enterobacter AR_154 Coverage Enterobacter AR 163
(CPM) (CPM) (CPM)
[0-2,130] [0-7,937] [0 - 456]
I [ B
1709,380 1,709,390 bp 2,743,400 2,743,410 bp 4,188,200 4,188,210 bp
Coverage Coverage Coverage
(CPM) (CPM) (CPM)
[0-1,289] [0-5,238] [0-416]
AACGT CTGGTCCAATACT TTACAA

AACGTCTGGTCCAATACTTTACAA

b 16-nt guid, !

fliC_-associated

TIdR

BIDMC93 TnpB
EholAR_164 Kpi
AR_163
1 Eco
Eko2 | Evl Ekot
Lec

Scaffold { Guide

AR_163
BIDMC93
Eho

Eco

Eko1

Ecl

Lec
Eko2

Kpi

D o+ D oD O -

AR_163 68
BIDMC93 68
Eho 68

Eco 67
Eko1 72 c

Ecl 70

Lec 70

ctga

Kpi 74 c

Extended DataFig.9|Enterobacter RNA-seqdata confirm the native
expression of gRNAs fromfliC,-tldR1oci. a, RNA-seq read coverage from three
Enterobacter strains that natively encode fliCp-tldRloci, revealing clear peaks
associated with mature gRNAs containing ~95-97-nt scaffolds and 16-nt guides.
Datafromthree biological replicates are overlaid. b, Predicted secondary

Eko2 67 - B - - - - - - - - - oo

ga
------------------ ta
ctcagaagatggcaaaagcaccgttatcttactgtaagctcgg a

tccgcgcc@lg

structure and sequence of the gRNA associated with EhoTIdR. ¢, Multiple
sequence alignment of the DNA encoding gRNA scaffold sequences for

representative fliC,-associated TIdRs, with conserved positions colored in
darkerblue.



Article

a

1,660 ) 1,670 ) 1,680 ) 1,690 ) 1,700 ) 1,710 kbp
Ex;}rglswsion Enterobacter
(TPM) | ‘ .‘ 'il [ “.
[0- 1985] BIDMC93

.

Prophage
DC@E@B <> BN IO b MBI O hoh))) DD oD D> MO0 D phag
Integration/exision ClI Cro Cll O Protease dinl P63c LysisT Packaging/structural Membrane Structural Cor Tyr. fliC, tidR
Lysogeny XRE  immA Adhesin? recomb. gRNA
b WT + omR N_— Afiic, .
prophage o =
Enterobacter BIDMC93 oD » DO £
Genome E 6
. Target é :
Aot 2
(+mR) Aprophage AfliC,
1500.
c d 5 1.2x10° = ¢
S s 1,215,300 1,215,200 bp
flic, 2z | =1 Fiic &£ 1000. =1 fic Cvge.(CPM) AR136
@ 8.0x10 ) s [0-222] (Rep 1-3)
gRNA 131 kbp £ O Fic, g = fic, Target!]TAM
< y o . }
fic, > tdR g 40x107 = fic, g %% 0 fic, 11 bp
] w
572 kbp TIdR target D 0.0 o
’ 3,965,100 3,965,050 bp
~4 mbp D & O D &
\xo& & > & [0-5.29] AR154
f N w §\ = Target BRI TAM D(Rep 1-3)
-1
. 11 bp
fliC (TIdR target) fliC GATTACGTTTCCTGTTGTTCATCAAATCTGTGGGTTAGA -39
fliC -t: t ( iC,  JATCAATATCCTT--"==""““e«“==2-- .
f;cz g e S R CC L 2 2,283,050 2,283,150 bp
iC,(prophage) (_______fic,  |GATAGTAATTCCT--- ATTTGACTGAACTTAAATTAAGT -36
[0-7.65] BIDMC93
. (Rep 1-3)
fiiC (TdR target) .40 - - TTTGGGTTTCCACCCTTCGGCTTCATCGCCGTCAATGGT Tk T c GLICEE:Y Target ERITAM [
fliC, (non-target) .24 AACGACGGCATTCGCCAGTTAA- - - - - - - - - - - - - ATATGC - AUGIT[ET -60 11 bp
fliC,(prophage) .37 - - TTACGGCTTCCACCATTTGGCTCCTGCGCCGCTATGTTCACH uldecc -84
4,750,400 4,750,500 bp
fliC (TIdR target) MCCTTIRAN- - - - - ------------------ ATTTTTT -114 [0-321] AR163
fliC, (non-target) \ATTAATCGGATGAAAAGGAAATGACTAAATTATTTTTT -110 Target BRI TAM (Rep 1-3)
fiiC, (prophage) GGACCTTTAGAAGAAAAAGT GAAAACCGTCCCCATCTGCT -134 = iC 4
h i 11 bp
% Identity
BIDMC93 CTAAAAAAAATGACGCGATCCTGAAAAAAAATCTAAAGGTINHNNNNCIcY.Na(@.Ycy.Nec| ACCATTGAC 78.9% c
vge. 1,706,420 1,706,430
. (CPM) BIDMC93
% AR163 GCTAAAAAAATGATGCGATCCTGAAAAAAAATCTAAAGGTIARNRNTN @y Nec ACCTTTGAC 75.7% [0-559] (Rep 1-3)
AACATIAGCGGCG-[fiC,)
AR154 CTAAAAAAATTAACGCGATCCTGAAAAAATATCTAAAGG TIHdARRIFINE@YT XS ACCTTTGAC 73.2%
4,184,910
AR163
tr ’_—AR136 CTAAAAAAATTAACGCGATCCTGAAAAAAAATCTAAAGGTTGTTTTGGACCAGACGATAACACCTTTGAC 76.1% [0-78] (Rep 1-3)
2 E. coli K12 CTAACAAAAAATGGCTGTTTTTGAAAAAAATTCTAAAGGTTGTTTTACGACAGACGATAACAGGGTTGAC  100% AACATIAGCGGCG|/liC,)
L L B B L B B L e e e e e e |
- - -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 +1
\ \ [ )
j 100-bp query for MEME

Six verified prophages

fliC, upstream region
from Extended Data Figure 2 —

fic, >-{tidR

CHIOMDOm-

Extended DataFig.10|FliC,is expressed and incorporatedinto Enterobacter
flagella, concomitantly with host FliCrepression. a, RNA-seqread coverage
acrossthe t/dR-encoding prophage of Enterobacter sp. BIDMC93, demonstrating
strong expression of fliC,, tldR, and the gRNA, alongside other genesinvolved
inlysogeny maintenance (e.g. Cl). 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 abar graph quantifying
motility via halosize (right). Plate images and bar graphs represent three
biological replicates; barsindicate mean +s.d. ¢, Schematicrepresentation of
FliC/FliC, homologs encoded by Enterobacter sp. BIDMC93, with relative
genomic positionsindicated. FliC,is asecond host flagellin gene copy encoded
atanalternate flagellar assembly locus within this strain, whichis not targeted
by TIdR and not commonly presentin other Enterobacterstrains.d, Results
fromliquid chromatography with tandem mass spectrometry (LC-MS/MS)
analyses performed on digested peptides from purified flagellar filaments,
isolated from the threeindicated Enterobacter sp. BIDMC93 strains. The WT
(+CmR) strainencodes thecmR gene downstream of the t/dR-gRNAlocus (asin
Fig.5e). Datarepresent the label free quantification (LFQ) intensities reflecting
thevariable D2-3 regions of FliC, FliCy, or FliC,. Although the FliC, appears to

be the most dominant flagellin component, the relevant amounts of host F1iC
and FliC, demonstrate that prophage-encoded FliC, readily assemblesinto

fliC, 5-UTR

motif detection
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extracellular flagellar filaments, and that host FliC productionis 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/fliC,/fliC,promotersindicates that guide RNA-target

DNA mismatches prevent TIdR-targeting of fliC,and fliC,in Enterobacter sp.
BIDMC93.g,RNA-seq read coveragein the host fliC promoter/5-UTRregion
overlayed for threebiological replicates of four Enterobacter strains, with
labeled TAM and target sequences highlighted upstream of the TSS. Strain
AR136 (top) does notencode afliC,-tldR locus; note the distinct expression
levels, measured viarelative counts per million (CPM). h, Alignment of host fliC
promoter regions for the strains shownin gcompared to £. coliK12, with
percentsequence identities indicated on the right. Reported FliA/o* promoter
elements from E. coli K12 are shown below the alignment. i, RNA-seq read
coverageinthe prophage-encodedfliC,promoter/5-UTRregion overlayed

for threebiological replicates of two representative Enterobacter strains,
confirmingthe predicted TSS. j, Schematic of multiple sequence alignment
ofthe promoter regiondriving fliC,gene expression, across six verified
prophages described in Extended DataFig. 2, highlighting the region that was
queried for MEME motif detection.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

XL X XK

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O 0 OX OO0OF
X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Next-generation sequencing data utilized the lllumina platform (BaseSpace), including automated de-multiplexing and adapter trimming. RT-
gPCR measurements were taken on a CFX384 RealTime PCR Detection System (BioRad).

Data analysis Next-generation sequencing data were analyzed and visualized using custom scripts and IGV (version 2.8.13). Structural figures were
generated with ChimeraX (v1.6.1). Protein structures were predicted with AlphaFold (v2.3) and ColabFold (v1.5). RNA sequencing data was
processed with cutadapt (v4.2), aligned with bwa-mem?2 (v2.2.1), filtered and converted to BAM with SAMtools (v1.17), and converted to
bigwig files with deeptools (v3.5.1). Transcript counts were calculated with featureCounts (v2.0.2) and log2 f(old changes) were calculated
with DESeq2 (v1.40.2). For gRNA searches, covariance models were built with LocaRNA (v2.0.0) and searches were executed with Infernal
(v1.1.2). For analysis of TIdR loci, MAFFT (v7.511) and Promals3d (online) used for alignments, FastTree (v2.1.11) was used to build
phylogenies, and iTOL (online) was used to visualize trees. Sequence analyses in R utilized the Biostrings (v2.70.1), DECIPHER (v2.3.0),
tidyverse (v.2.0.0), ggplot2 (v3.4.4), and biomartr (v1.0.6) packages. TIdR loci maps were rendered in Snapgene Viewer (v7.2) or Geneious
(v2024.0.3), and RNAseq/RT-gPCR data was plotted in Prism (v10.1.1). Custom code used to analyzed sequences is available at: https://
github.com/sternberglab/Wiegand_etal_2024.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Next-generation sequencing data generated in this study were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive
(BioProject Accession: PRINA1029663) and the Gene Expression Omnibus (GSE245749). The published genome used for ChIP-seq analyses was obtained from NCBI
(GenBank: NC_000913.3). Publicly available RNA-seq data analyzed for TIdR 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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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes are reported in the figure legends and generally encompassed three biological replicates, as in previous studies of TnpB proteins.
This sample size is sufficient to reflect the degree of uncertainty and experimental differences between measurements.

Data exclusions | No data were excluded.

Replication All data could be reproduced, and most experiments and analyses presented were the result of two to three independent biological
replicates.

Randomization  Samples were not randomized as it was not applicable for the design of this study (this study did not involve selecting samples from a larger
population).

Blinding Investigators were not blinded as it was not applicable for the design of this study and experiments included necessary controls.

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 Methods
Involved in the study n/a | Involved in the study
Antibodies |:| |Z| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXNXNXNXNX ]S
OO0O000OX

Dual use research of concern

Antibodies
Antibodies used Monoclonal ANTI-FLAG M2 antibody produced in mouse, Sigma Aldrich, Catalogue number: F1804, clone M2
Validation According to the manufacturer, the "monoclonal ANTI-FLAG® M2 may be used in IP [immunoprecipitation] procedures when used in

conjunction with an insoluble carrier matrix, such as a Protein G resin" (https://www.sigmaaldrich.com/deepweb/assets/
sigmaaldrich/product/documents/175/747/f1804bul-ms.pdf). As suggested, the ANTI-FLAG M2 antibody was used together with
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Dynabeads Protein G resin (Thermo Fisher) in this study. Furthermore, ANTI-FLAG M2 antibody was used in a ChIP-seq study by
Partridge et al., Nature (2020), titled "Occupancy maps of 208 chromatin-associated proteins in one human cell type."

ChlP-seq

Data deposition
|Z| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

g Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links Raw sequencing reads, processed sequencing reads and MACS3 peak call files (all files listed below) were uploaded to GEO
May remain private before publication.  (accession: GSE245749). The GEO reviewer accession token for this submission is: arynyuoonbanhgl. All data deposited in
GEO is publicly accessible.

Files in database submission Raw sequencing files:

Eca_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Eca_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Ece_dTnpB_ChlIP-seq_paired_raw_1.fastg.gz
Ece_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Ecl_dTnpB_ChlP-seq_paired_raw_1.fastg.gz
Ecl_dTnpB_ChlIP-seq_paired_raw_2.fastg.gz
Eco_dTnpB_ChIP-seq_paired_raw_1.fastq.gz
Eco_dTnpB_ChIP-seq_paired_raw_2.fastq.gz
Efal_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Efal_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Efa2_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Efa2_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Eho_dTnpB_ChIP-seq_paired_raw_1.fastq.gz
Eho_dTnpB_ChIP-seq_paired_raw_2.fastq.gz
Ekol_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Ekol_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Eko2_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Eko2_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Emu_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Emu_dTnpB_ChlP-seq_paired_raw_2.fastq.gz
Ero_dTnpB_ChIP-seq_paired_raw_1.fastq.gz
Ero_dTnpB_ChIP-seq_paired_raw_2.fastq.gz
Esa_dTnpB_ChIP-seq_paired_raw_1.fastq.gz
Esa_dTnpB_ChIP-seq_paired_raw_2.fastq.gz
Gst_TnpB2_ChlIP-seq_paired_raw_1.fastq.gz
Gst_TnpB2_ChlIP-seq_paired_raw_2.fastq.gz
Input_Eco_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Input_Eco_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz
Kpi_dTnpB_ChlP-seq_paired_raw_1.fastq.gz
Kpi_dTnpB_ChlP-seq_paired_raw_2.fastq.gz
Lec_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Lec_dTnpB_ChIP-seq_paired_raw_2.fastq.gz
Tos_dTnpB_ChlIP-seq_paired_raw_1.fastq.gz
Tos_dTnpB_ChlIP-seq_paired_raw_2.fastq.gz

Processed sequencing files (bigWig):

Eca_dTnpB_ChlIP-seq_paired.bw
Ece_dTnpB_ChlIP-seq_paired.bw
Ecl_dTnpB_ChlIP-seq_paired.bw
Eco_dTnpB_ChlIP-seq_paired.bw
Efal_dTnpB_ChIP-seq_paired.bw
Efa2_dTnpB_ChlIP-seq_paired.bw
Eho_dTnpB_ChlP-seq_paired.bw
Ekol_dTnpB_ChlIP-seq_paired.bw
Eko2_dTnpB_ChlIP-seq_paired.bw
Emu_dTnpB_ChlP-seq_paired.bw
Ero_dTnpB_ChIP-seq_paired.bw
Esa_dTnpB_ChIP-seq_paired.bw
Gst_TnpB2_ChlIP-seq_paired.bw
Input_Eco_dTnpB_ChlIP-seq_paired.bw
Kpi_dTnpB_ChlP-seq_paired.bw
Lec_dTnpB_ChlIP-seq_paired.bw
Tos_dTnpB_ChlIP-seq_paired.bw
Eca_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Ece_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
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Genome browser session
(e.g. UCSC)

Ecl_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Eco_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Efal_dTnpB_ChlP-seq_paired_max-value-1kb-windows.bw
Efa2_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Eho_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Ekol_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Eko2_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Emu_dTnpB_ChlP-seq_paired_max-value-1kb-windows.bw
Ero_dTnpB_ChIP-seq_paired_max-value-1kb-windows.bw
Esa_dTnpB_ChIP-seq_paired_max-value-1kb-windows.bw
Gst_TnpB2_ChlIP-seq_paired_max-value-1kb-windows.bw
Input_Eco_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Kpi_dTnpB_ChlP-seq_paired_max-value-1kb-windows.bw
Lec_dTnpB_ChlP-seq_paired_max-value-1kb-windows.bw
Tos_dTnpB_ChlIP-seq_paired_max-value-1kb-windows.bw
Eca_dTnpB_ChlIP-seq_CPM_paired.bw
Ece_dTnpB_ChIP-seq_CPM_paired.bw
Ecl_dTnpB_ChlIP-seq_CPM_paired.bw
Eco_dTnpB_ChIP-seq_CPM_paired.bw
Efal_dTnpB_ChIP-seq_CPM_paired.bw
Efa2_dTnpB_ChIP-seq_CPM_paired.bw
Eho_dTnpB_ChIP-seq_CPM_paired.bw
Ekol_dTnpB_ChIP-seq_CPM_paired.bw
Eko2_dTnpB_ChIP-seq_CPM_paired.bw
Emu_dTnpB_ChIP-seq_CPM_paired.bw
Ero_dTnpB_ChIP-seq_CPM_paired.bw
Esa_dTnpB_ChIP-seq_CPM_paired.bw
Gst_TnpB2_ChlIP-seq_CPM_paired.bw
Input_Eco_dTnpB_ChIP-seq_CPM_paired.bw
Kpi_dTnpB_ChlP-seq_CPM_paired.bw
Lec_dTnpB_ChIP-seq_CPM_paired.bw
Tos_dTnpB_ChlIP-seq_CPM_paired.bw
Eca_dTnpB_ChlIP-seq_CPM_paired_max-value-1kb-windows.bw
Ece_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Ecl_dTnpB_ChlP-seq_CPM_paired_max-value-1kb-windows.bw
Eco_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Efal_dTnpB_ChlP-seq_CPM_paired_max-value-1kb-windows.bw
Efa2_dTnpB_ChlIP-seq_CPM_paired_max-value-1kb-windows.bw
Eho_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Ekol_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Eko2_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Emu_dTnpB_ChlP-seq_CPM_paired_max-value-1kb-windows.bw
Ero_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Esa_dTnpB_ChIP-seq_CPM_paired_max-value-1kb-windows.bw
Gst_TnpB2_ChlIP-seq_CPM_paired_max-value-1kb-windows.bw
Input_Eco_dTnpB_ChlIP-seq_CPM_paired_max-value-1kb-windows.bw
Kpi_dTnpB_ChlP-seq_CPM_paired_max-value-1kb-windows.bw
Lec_dTnpB_ChlP-seq_CPM_paired_max-value-1kb-windows.bw
Tos_dTnpB_ChlIP-seq_CPM_paired_max-value-1kb-windows.bw

Processed sequencing files (bed files containing MAC3 peak calls):

Eca_dTnpB_macs3_summits.bed
Ece_dTnpB_macs3_summits.bed
Ecl_dTnpB_macs3_summits.bed
Eco_dTnpB_macs3_summits.bed
Efal_dTnpB_macs3_summits.bed
Efa2_dTnpB_macs3_summits.bed
Eho_dTnpB_macs3_summits.bed
Ekol_dTnpB_macs3_summits.bed
Eko2_dTnpB_macs3_summits.bed
Emu_dTnpB_macs3_summits.bed
Ero_dTnpB_macs3_summits.bed
Esa_dTnpB_macs3_summits.bed
Gst_TnpB2_macs3_summits.bed
Kpi_dTnpB_macs3_summits.bed
Lec_dTnpB_macs3_summits.bed
Tos_dTnpB_macs3_summits.bed

The Meta table uploaded to GEO contains the same read count information as Supplementary Table 5:
Table_Supplement.xlsx
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Modified reference genomes (accessions listed in Supplementary Table 1) were used. Normalized bigWig files can be
visualized in the Integrative Genomics Viewer (IGV) using the bigWig (.bw) file of choice (normalized using bamCoverage)
provided in GEO together with the respective reference genome file used for read mapping. To navigate which .bw file and
reference genome to use, use Supplementary Table 5.

Methodology
Replicates One biological replicate was used for ChIP-seq samples.
Sequencing depth Number of raw reads, uniquely mapped reads, length of reads and paired- or single-end nature are provided in Supplementary Table
5.
Antibodies Monoclonal ANTI-FLAG M2 antibody produced in mouse, Sigma Aldrich, Catalogue number: F1804, clone M2

Peak calling parameters  #Trim reads using fastp
fastp -i "input_read1.fastg.gz" -1 "input_read2.fastq.gz" -o "trimmed_output_read1.fastqg.gz" -O "trimmed_output_read2.fastq.gz" -j
"log".json -h "log".html
#Map reads using bowtie2 (creates a .sam output file)
#Reads were mapped to a modified E. coli K12 reference genome (derivative of GenBank: NC_000913.3)
bowtie2 -x “directory_to_E-coli_reference_genome_file” -1 “trimmed_output_read1.fastq.gz” -2 “trimmed_output_read1.fastq.gz” -
S “output.sam”
#Convert .sam into .bam file using samtools
samtools -view -b “input.sam” > “output_directory”
#Sort the .bam files using samtools
samtools sort -0 output_directory “input.bam”
#Index the aligned and sorted .bam files using samtools
samtools index -b “input.bam” “output.bam.bai”
#Eliminate multi-mapping reads using samtools (retains only uniquely mapping reads);
#uses a MAPQ score of 10 as a cutoff
samtools view -bg 10 “input.bam” > “output_directory”
#Create index files for the trimmed, aligned, sorted and uniquely mapping reads using samtools
samtools index -b “input.bam” “output.bam.bai”
#Normalize reads using deepTools2 bamCoverage with the option "RPKM" or "CPM"
bamCoverage --normalizeUsing CPM -bs 1 -b "not_normalized.bam" -o "normalized.bw"
#MACS3 peak calling
macs3 callpeak -t target.bam -c input.bam -n "dTnpB" -g 4500000 --nomodel --extsize 400 -q 0.05 -B --outdir "dTnpB_peak_calls"
Control file (input file):
Input_Eco_dTnpB_ChlIP-seq_paired_raw
All index files generated using "samtools faidx <E_coli_K12_reference_genome>", and will be made available on GitHub upon
publication.
Reference genome files as described in Supplementary Figure 5 will be made publicly available on GitHub.
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Data quality Data quality:

Bowtie2 used default read quality parameters for mapping. Multi-mapping reads with a MAPQ score <10 were eliminated. All peaks
called are below FDR 5%, as per MACS3 standard output.

Peaks above 5-fold enrichment:

Kpi_dTnpB: 0
Ekol_dTnpB: 2
Eko2_dTnpB: 11
Ero_dTnpB: 17
Tos_dTnpB: 4
GstTnpB2: 1
Ece_dTnpB: 14
Eco_dTnpB: 6
Ecl_dTnpB: 20
Eho_dTnpB: 28
Eca_dTnpB: 170
Efal_dTnpB: 10
Emu_dTnpB: 2
Esa_dTnpB: 0
Lec_dTnpB: 12
Efa2_dTnpB: 2

Software Illumina BaseSpace was used for automated read demultiplexing and adaptor trimming. All custom code for the ChIP-seq analysis is
available upon request.




	TnpB homologues exapted from transposons are RNA-guided transcription factors

	Detection of nuclease-dead TnpB proteins

	Viral tldRs associate with novel genes

	RIP-seq reveals mature TldR gRNAs

	TldR gRNAs target conserved promoters

	TldRs are RNA-guided transcription factors

	Viral TldRs natively repress host fliC

	Discussion

	Online content

	Fig. 1 Bioinformatic identification of naturally occurring, nuclease-deficient TnpB homologues.
	Fig. 2 tldR genes are strongly associated with diverse non-transposon genes and encoded in prophages.
	Fig. 3 TldR proteins are encoded next to gRNAs that target conserved genomic sites.
	Fig. 4 TldRs are RNA-guided DNA binding proteins capable of programmable transcriptional repression.
	Fig. 5 Flagellin-associated TldRs repress host flagellin gene expression in native Enterobacter strains.
	Extended Data ﻿Fig. 1 Phylogeny and RuvC nuclease domain analysis of oppF-associated TldRs.
	Extended Data Fig. 2 Diverse prophages encode fliCP-associated tldR genes.
	Extended Data Fig. 3 RIP-seq reveals that some oppF-associated TldR proteins use short, 9–11-nt guides.
	Extended Data Fig. 4 oppF-associated TldRs target conserved genomic sequences that overlap with promoter elements driving oppA expression.
	Extended Data Fig. 5 oppF-associated TldR homologs may target additional sites across the genome.
	Extended Data Fig. 6 Genome-wide binding data from ChIP-seq experiments suggest a high mismatch tolerance for some TldR homologs.
	Extended Data Fig. 7 Plasmid interference assays confirm that TldR homologs lack detectable nuclease activity.
	Extended Data Fig. 8 RFP repression assays reveal variable abilities of TldR homologs to block transcription elongation.
	Extended Data Fig. 9 Enterobacter RNA-seq data confirm the native expression of gRNAs from fliCP-tldR loci.
	Extended Data Fig. 10 FliCP is expressed and incorporated into Enterobacter flagella, concomitantly with host FliC repression.




