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Functional RNA splitting drove the evolutionary
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SUMMARY

Transposon-encoded TnpB nucleases gave rise to type V CRISPR-Cas12 effectors through multiple inde-
pendent domestication events. These systems use different RNA molecules as guides for DNA targeting:
transposon-derived right-end RNAs (reRNAs or omega RNAs) for TnpB and CRISPR RNAs for type V
CRISPR-Cas systems. However, the molecular mechanisms bridging transposon activity and CRISPR immu-
nity remain unclear. We identify TranCs (transposon-CRISPR intermediates) derived from distinct IS605- or
IS607-TnpB lineages. TranCs utilize both CRISPR RNAs and reRNAs to direct DNA cleavage. The cryoelec-
tron microscopy (cryo-EM) structure of LaTranC from Lawsonibacter sp. closely resembles that of the ISDra2
TnpB complex; however, unlike a single-molecule reRNA, the LaTranC guide RNA is functionally split into a
tracrBRNA and crRNA. An engineered RNA split of ISDra2 TnpB enabled activity with a CRISPR array. These
findings indicate that functional RNA splitting was the primary molecular event driving the emergence of
diverse type V CRISPR-Cas systems from transposons.

INTRODUCTION and Cas12 has revolutionized genome editing, enabling

both fundamental discoveries and diverse biotechnological
11-13

Mobile genetic elements (MGEs), such as transposable ele-
ments (TEs) and viruses, are major drivers of phenotypic evo-
lution across all domains of life.'™ A notable example of MGE-
driven innovation is the CRISPR-Cas system, which originated
from domesticated TEs to confer adaptive immunity in pro-
karyotes.”® The key effector proteins, Cas9 (type Il) and
Cas12 (type V), evolved from insertion sequences Cas9-like
OrfB (IscB) and transposon-encoded nuclease TnpB (TnpB),
respectively, both of which are encoded by IS200/1S605 TEs
(and in some cases also by 1S607).”° These RNA-guided nu-
cleases utilize CRISPR RNAs (crRNAs), often in conjunction
with trans-activating crRNAs (tracrRNAs), to recognize and
cleave invading nucleic acids flanked by protospacer-adja-
cent motifs (PAMs)."'® The programmable nature of Cas9

applications.

Although both nucleases originated from TEs, their evolu-
tionary trajectories diverged markedly. Type Il CRISPR-Cas9
systems likely originated from a single IscB domestication
event,®'*'7 whereas type V CRISPR-Cas12 systems exhibit
remarkable diversity, suggesting that TnpB nucleases under-
went multiple independent domestication events.” %" This
recurrent transition from TnpB to Cas12 is thought to be driven
by the extraordinary abundance and sequence diversity of
TnpB nucleases, which are found at more than one million loci
across prokaryotic genomes.®*° TnpBs are encoded by several
insertion sequence (IS) families, including 1S605, 1S607, and
1S1341.7?%2% The 1S605 and 1S607 families are autonomous, en-
coding both TnpB and the transposase TnpA (Y1 transposase
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and serine recombinase, respectively). By contrast, IS1341 en-
codes only a TnhpB. These TnpBs are guided by transposon-
derived right-end RNAs (reRNAs, also known as ®RNAs) to
cleave DNA sequences flanked by target-adjacent motifs
(TAMs),?° thereby promoting homologous recombination events
that restore and retain the mobile elements.?*>°

It has been proposed that the transition to CRISPR-based im-
munity occurred through numerous independent insertions of
transposons near preexisting CRISPR arrays, followed by the
emergence of functional associations between TnpB proteins
and these repeats.>'®%25 Phylogenetic analyses support this
scenario by revealing multiple independent recruitment events
of distinct TnpB ancestors into CRISPR loci.'®?" This is further
consistent with the extensive structural and functional diversity
observed among type V systems, including variations in nucleic
acid targeting mechanisms and guide RNA processing.”'?"~3*
However, the molecular mechanisms that enabled this evolu-
tionary emergence remain poorly understood. The type V-U su-
pergroup is thought to encompass multiple nascent CRISPR
subtypes.'®?" However, experimentally and structurally charac-
terized V-U clades (e.g., Cas12f and Cas12m) differ substantially
from TnpBs in protein structure and domain composition and
appear to be separated from the initial transformation by a
considerable evolutionary period.***>=" Therefore, identifying
evolutionary intermediates that capture transitional states be-
tween transposition and CRISPR immunity is critical to under-
standing this remarkable functional transition (Figure 1A).%%3°

To address this gap, we identified a class of TranCs (trans-
poson-CRISPR intermediates) that exhibit hallmark features of
the transposon-to-CRISPR transition. Through integrative evolu-
tionary, functional, and structural analyses, we demonstrate that
the functional splitting of reRNA into tracrRNA and crRNA repre-
sents a conserved and essential mechanism driving the initial
transformation from transposon-encoded TnpBs to type V
CRISPR-Cas systems.

RESULTS

Identification of evolutionary intermediates between
transposons and CRISPR nucleases

To investigate the evolutionary transition from transposon-en-
coded TnpBs to type V CRISPR-Cas systems, we sought to
identify putative intermediate systems—hereafter referred to as
TranCs. To balance sensitivity, specificity, and computational
feasibility, we designed an in-silico pipeline to mine TranC
candidates from high-quality genomic and metagenomic data-
sets (Figure 1B; Data S1.1; STAR Methods). Given the substan-
tial sequence diversity among TnpB and Cas12 proteins
(Figure S1A; domain architectures in Data S1.2),”?"%%%2 we im-
plemented three mining methods to identify proteins sharing
conserved sequence features of both TnpB and Cas12: (1)
sequence-based homology searches using BLASTp against
reference TnpB and Cas12 sequences, (2) profile-based domain
screening using three RuvC-associated hidden Markov models
(HMMs) shared by both protein families, and (3) motif-based
scanning targeting three conserved motifs located around the
catalytic residues (Figure 1B; Data S1.1; STAR Methods). After
integrating the results from all approaches and applying multiple
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rounds of filtering, we identified 146 high-confidence TranC can-
didates (Figures 1B and S1B-S1D; Data S1.1). These proteins
are compact, TnpB-like nucleases located adjacent to CRISPR
arrays and may function as nascent CRISPR systems (Table S1).

To classify the TranC candidates within the type V CRISPR
framework, we reconstructed a maximum-likelihood phylogeny
using 7,566 protein sequences, including previously reported
canonical TnpBs, established Cas12 subtypes, uncharacterized
V-U members, %" and all 146 newly identified TranC candidates
(Figure 1GC; Table S1). The resulting phylogeny recapitulated pre-
viously described evolutionary relationships among TnpB
groups (e.g., typical vs. derived) and known Cas12 families
(Figure 1C; Data S1.1).2"+%° After filtering out orphan sequences,
we obtained 25 distinct TranC candidate clades nested within
diverse TnpB branches (Figure 1C).

Given the extensive diversity of TnpB nucleases and the multiple
independent origins of TranCs, we aimed to comprehensively
identify additional related TnpB or TranC homologs within each
candidate TranC clade to better elucidate their evolutionary trajec-
tories (Figure 2A). To enhance sensitivity and coverage, we con-
ducted both sequence-based and structure-informed homology
searches for all members of the 25 candidate clades, utilizing the
MGnify metagenomic database and publicly available protein
structure repositories, respectively (Figure 2A; STAR Methods).
We retrieved 3,538 non-redundant homologs. We then recon-
structed 25 clade-specific phylogenies and identified six bona
fide TranC clades (clades 3, 8, 11, 12, 13, and 14), in which
CRISPR-associated TranC groups consistently formed high-con-
fidence sister-group relationships with specific TnpB lineages
(branch support > 80%; Figures 2B-2E; full trees in
Figures S2A-S2C; Data S1.3-S1.5). In addition to the TranC can-
didates, these six clades also contained newly identified closely
related TnpB proteins and uncharacterized V-U members
(Table S1). Clade8, which includes Cas12n homologs,’® was
termed clade8-Cas12n. Consequently, we identified these six as
bona fide TranC clades, each comprising a TranC group and a
TnpB sister group sharing a common ancestor (Figures 2A
and 2B).

We next examined the TranCs’ association with CRISPR arrays
and the presence of the DED catalytic residues (Figures 2B-2E
and S2A-S2C; Data S1.3-S1.5). Clade3 comprises five sub-
clades, each containing at least three members (Figures 2B and
2C). Among them, clade3-subclade3 lacks an associated
CRISPR array, while clade3-subclade4 exhibits substitutions or
loss of the DED catalytic residues. By contrast, the remaining
three subclades contain both a CRISPR array and the conserved
DED motif. Similarly, we observed that one of four subclades in
clade8-Cas12n and one of five subcladesin clade11 lacked a sta-
ble association with a CRISPR array (Figures 2D and 2E).
Clade12, clade13, and clade14 were distinct in that none of their
subclades contained the conserved DED catalytic motif, sug-
gesting a potential loss or alteration of nuclease activity (Data
S$1.3-51.5). These findings suggest a transposon domestication
scenario for TnpBs characterized by an unstable functionality
with a CRISPR array and the DED catalytic residues, supporting
TranC’s nascent status. Further spacer analysis of the putatively
functional clade3, clade8-Cas12n, and clade11 identified 103
spacers predicted to target 55 viral genomes, 40 viral
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Figure 1. Metagenomic mining and phylogenetic analyses of TranC candidates

(A) Conceptual framework illustrating the evolutionary transition from TnpB-encoded transposons to CRISPR-Cas12 systems.

(B) Overview of the in silico mining pipeline used to identify TranC candidates. Three complementary mining methods were applied: (a) sequence-based search
using reference proteins, (b) profile-based search using shared hidden Markov models (HMMs), and (c) motif-based search targeting conserved catalytic

residues.

(C) Maximum-likelihood phylogenetic tree comprising 7,566 protein sequences, including known TnpBs, TranC candidates, unclassified Cas12s (V-Us), and
previously classified Cas12 subtypes. Colored rings indicate the presence or enrichment of elements (Cas1, Cas2, Cas4, Y1-type TnpA, serine-type TnpA, and
CRISPR arrays) as well as the number of CRISPR arrays (“no. array”) and the amino acid (aa) length. The outermost ring indicates TnpB classification. The three
representative candidate TranC clades were separately highlighted using distinct background colors. Branch support is visualized by the color intensity of each

node.
See also Figure S1 and Data S1.
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Figure 2. Identification and classification of TranC clades

(A) Schematic illustrating the identification of bona fide TranC clades based on refined phylogenetic inference.

(B) Overview of six bona fide TranC clades. The conserved DED catalytic triad is characteristic of TnpB-like proteins. Some subclades show substitutions or loss
of DED catalytic residues, suggesting impaired or absent nuclease activity. Clade12 through clade14, characterized by altered DED motifs, are highlighted with
uniform gray backgrounds.

(C-E) Zoomed-in views of phylogenetic trees for clade3 (C), clade8-Cas12n (D), and clade11 (E), corresponding to Figures S2A-S2C. Distinct subclades, orphan
lineages, and sister TnpBs are color-coded. Colored circles and bars beneath the trees indicate the presence of associated elements, including Y1-type TnpA
transposase (Y1), serine recombinase-type TnpA transposase (Ser), DED catalytic motifs, and the number of CRISPR arrays (“no. CRISPR array”). Subclade4 of
clade3 exhibits DED substitutions or deletions and is labeled “DED changed.” Subclades lacking CRISPR arrays are labeled “lack of array.” Lighter shading

indicates repeat counts < 4.
(F) Gene organization of three representative TranC clades. Dashed boxes indicate the optional presence of TnpA genes.
See also Figure S2 and Data S1.

metagenomic sequences, and 8 plasmids, supporting a potential TnpBs (sister TnpBs being associated with TnpA Y1 transpo-
immune function (Table S1 and STAR Methods). sases), while clade8-Cas12n was derived from IS607 TnpBs

We next focused on the distinctions among these three clades.  (associated with Ser transposases; Figures 2C-2E and S2A-

TnpA association analysis on each clade’s respective TnpB sister ~ S2C). To analyze gene organization, we identified reRNAs and

9

4

roups revealed that clade3 and clade11 originated from IS605 tracrRNA-crRNA pairs located downstream of TnpB or TranC
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open reading frames (ORFs) using clade-specific RNA covariance
models (Figure 2F; STAR Methods). Clade8-Cas12n exhibited the
highest degree of genetic overlap between the effector protein and
guide RNAs (Figures 2F and S2D). On average, the TnpB ORFs
overlapped with 88.4% of the reRNA sequence, while Cas12n
ORFs overlapped with 65.0% of their respective tracrBNA se-
quences. By contrast, clade3 and clade11 generally showed little
or no overlap, except for the TnpBs in clade3, which showed a
modest 22.6% overlap. In addition, these three clades are scat-
tered across evolutionarily distant TnpB branches, representing
high sequence diversity (Figure 1C). Collectively, we identified
three diverse phylogenetically representative TranC clades, each
associated with a specific TnpB sister group and differing in their
transposon family origins, gene organizations, and phylogenetic
positions. These clades represent the initial transformation stages
in multiple independent evolutionary trajectories from TnpB to type
V CRISPR effectors.

TranCs can be guided by both crRNA and reRNA

Given their intermediate evolutionary position between trans-
poson-encoded TnpBs and Casi12 effectors, TranC systems
may retain the ancestral ability to utilize both reRNAs and crRNAs
(with tracrBRNA) for DNA targeting. To test this hypothesis, we eval-
uated the activity of TranC nucleases in E. coli using both a PAM
depletion assay and a plasmid interference assay (Figures 3A-
3D). The PAM depletion assay profiles reRNA-guided nuclease re-
quirements via deep sequencing, and the plasmid interference
assay assesses nuclease activity against invading DNA (Figure
3A).8:20:40.41 \We synthesized DNA constructs encoding TranC ef-
fectors together with a minimal CRISPR locus (harboring a puta-
tive tracrRNA region and a reprogrammed CRISPR array targeting
the GFP-T1 site in pTarget) and cloned them into a pEffector vector
(Figures 3A and S3A; STAR Methods).

We first evaluated crRNA-guided activity of 11 TranC members
from three representative TranC clades, including clade3, clade8-
Cas12n, and clade11 (Figures 2C-2E; Table S1). These TranCs
were selected in subclades predicted to be functional based on
stable CRISPR array association and conservation of the DED cat-
alytic triad (Figures 2C-2E). Eight out of eleven TranC nucleases
showed specific PAM recognition (Figures 3B and S3B-S3D;

Cell

Table S1). LaTranC (from Lachnospiraceae sp.), RuTranC (from
Ruminiclostridium sp.), and Clo1TranC (from Clostridia sp.) from
clade3 recognized 5'-TTC PAMs; AnTranC (from Anaeromassiliba-
cillus senegalensis) and Eu1TranC (from Eubacteriales sp.) from
clade11 recognized a 5'-TTTC PAM and a 5'-RTTY PAM, respec-
tively; and MiCas12n (from Micrococcus sp.) from clade8-Cas12n
recognized a 5’-RAAC PAM. Previously reported MICas12n and
CgCas12n exhibited preferences for 5-AAN and 5-AAC PAMs,
respectively, consistent with previous studies (Figures S3B-
S3D).*° We subsequently performed the plasmid interference
assay to test whether these eight TranCs could cleave invading
DNA in E. coli and found that indeed all eight systems exhibited
robust interference activity (Figures 3D and S3B-S3D).

Next, we tested whether these eight TranCs could also func-
tion with reRNAs derived from closely related TnpBs identified
in the clade-specific phylogenetic analyses (Figure 3C;
Table S1; STAR Methods). In clade3 derived from IS605, all three
tested TranCs (LaTranC, RuTranC, and Clo1TranC) were active
when paired with reRNA from well-characterized insertion
sequence from Deinococcus radiodurans (ISDra2) TnpB, recog-
nizing a conserved 5’-TTC PAM, as evidenced by PAM depletion
assays (Figures 3D and 3E). Plasmid interference assays also
confirmed robust cleavage activity for the ISDra2 reRNA-guided
LaTranC and RuTranC systems (Figure 3D). LaTranC, which is
most similar to ISDra2 TnpB, was further tested with three meta-
genome-derived TnpB-reRNAs (Fus TnpB, Lim TnpB, and Tet
TnpB, Tables S1 and S2). All three were active but showed lower
fold changes than the ISDra2 reRNA in PAM depletion assays
and failed to support notable plasmid interference, indicating
weaker activity (Figures 3D and S3G).

In clade11, which is derived from another 1IS605 lineage, An-
TranC and Eu1TranC were tested with four reRNAs (from Cbt1
TnpB, Bac TnpB, Anal TnpB, and Ana2 TnpB). AnTranC was
active with all four reRNAs in PAM depletion assays (5'-TTTC
PAM), and the Cbt1 reRNA supported detectable plasmid inter-
ference (Figure 3D). EulTranC exhibited nuclease activity
with Anal and Cbt1 reRNAs among the four reRNAs in PAM
depletion assays within the 5-RTTY PAM contexts (Figure 3D),
although the fold-change of Cbt1 was lower (Figure S3H). None
of the tested reRNAs yielded notable plasmid interference

Figure 3. TranCs exhibit nuclease activity guided by both crRNA and reRNA

(A) Schematics of the E. coli plasmid interference and PAM depletion assays. Candidate TranC systems cleave the GFP-T1 target site encoded on the pTarget
plasmid either with a specific PAM sequence (left, plasmid interference) or a PAM library (right, PAM depletion), resulting in loss of ampicillin (Amp) resistance and
cell death.

(B) WebLogos of PAM motifs recognized by six TranCs from clade3, clade8-Cas12n, and clade11. TranC and TnpB names in this study were derived from the first
two or three letters of their most specific available taxonomic annotations.

(C) Workflow for reRNA-guided activity testing. Covariance models derived from TnpB sister groups were used to identify candidate reRNAs, which were filtered
by genomic copy number prior to experimental validation.

(D) Results of plasmid interference and PAM library depletion assays evaluating reRNA-guided dsDNA cleavage by TranCs. “T” and “NT” denote target and non-
target plasmids, respectively. WebLogos were generated from PAMs depleted >10-fold, except for LaTranC with Fus, Lim, and Tet reRNAs, and Eu1TranC with
Cbt1 reRNA, where a >1.5-fold depletion threshold was used due to weaker activity (Figures S3G and S3H).

(E) Top ten most-depleted PAM sequences from LaTranC PAM depletion assays using either crRNA or reRNA guides.

(F) Summary of guide RNA interchangeability observed in clade3, clade8-Cas12n, and clade11.

(G) Identification of mature tracrRNA and crRNA by RNA sequencing in E. coli. Read depth is shown in blue, and sharp changes in 5’ and 3’ read termini (red peaks)
indicate RNA maturation sites. The sgRNA used in gene editing assays was constructed by fusing the identified tracrRNA and crRNA. The predicted secondary
structure is shown above the gene diagram.

(H and I) Schematic (H) and editing efficiencies (I) of eLaTranC, an engineered variant with enhanced editing activity, guided by either sgRNA or reRNA at nine
endogenous loci in HEK293T cells (n = 3, mean + SEM). “HEK-TTC-T1” is an intergenic target site, while the remaining sites are located within genes.

See also Figure S3 and Data S1.
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(Figure 3D). By contrast, none of the five reRNAs tested for cla-
de8-Cas12n (IS607-derived) yielded detectable nuclease activity
in both assays. Specifically, reRNAs from Bif1 TnpB, Bif2 TnpB,
and TnpB were tested with MICas12n and MiCas12n, while Bif1
TnpB and Bif3 TnpB were paired with CgCas12n (Figures S3B-
S3D). To experimentally validate our computational predictions,
and given the importance of the reRNA scaffold’s 3’ end for cleav-
age activity,”° we performed 3’ extension assays on five TranC
members’ reRNA scaffolds from clade8-Cas12n and clade11.
In clade11, only the unextended reRNAs, not those with 3’ exten-
sions, led to depletion atthe genuine 5’-TTTC and 5'-RTTY PAMs,
which confirms the accuracy of our 3’ end computational predic-
tion (Figures S3E and S3F; Data S1.13). Nonetheless, all three
Cas12n proteins remained inactive (Figures S3B-S3D). There-
fore, five IS605-derived systems support both crRNA and reRNA
guidance in E. coli. By contrast, the 1S607-derived clade8-
Cas12n lacks detectable reRNA-guided activity, potentially due
to constraints from extensive protein-RNA coding overlap or
some subtle but essential structural incompatibilities between
the protein and reRNA (Figure 2F; see Discussion).

LaTranC gene editing with guide RNA interchangeability
in human cells

To test guide RNA function in eukaryotic cells, we focused on the
clade3 LaTranC due to its high sequence and structural similarity
to ISDra2 TnpB (Figure 2C; Table S1). In mammalian genome-
editing systems, the mature tracrBNA and crRNA are typically
fused into a single-guide RNA (sgRNA).'®"" We performed
RNA-seq on E. coli expressing LaTranC and its intrinsic
CRISPR array (Figure 3G). Deep sequencing identified a 173-nt
tracrRNA paired with a 53-nt mature crRNA located immediately
downstream of LaTranC (Figure 3G; Data S1.12), resembling the
architecture of reRNAs downstream of TnpBs (Figure 2F). Sub-
sequently, by fusing the mature tracrRNA and crRNA and opti-
mizing truncation, we generated a 195-nt sgRNA active in human
cells (Data S1.12). To increase the editing efficiency, we engi-
neered LaTranC through five rounds of arginine scanning muta-
genesis (Figures S3I-S3K; STAR Methods), generating ela-
TranC, which showed an 8.7- to 56.8-fold increase in editing
activity over wild-type LaTranC across four endogenous
mammalian cell target sites (Figure S3K; Table S2). We next
tested the guide RNA interchangeability of the elLaTranC
system across nine endogenous target sites in HEK293T cells
(AGBL1-TTC-T1, AGBL1-TTC-T2, APEX1-TTC-T1, APOB-TTC-
T1, APOB-TTC-T2, BCL2L13-TTC-T1, HEK-TTC-T1, VEGFA-
TTC-T1, and VEGFA-TTC-T2) with a 5'-TTC PAM (Figures 3H
and 3l; Table S2). Deep sequencing revealed that the editing ef-
ficiencies of sgRNA-guided eLaTranC (3.1% to 29.0%, average
14.5%) consistently outperformed reRNA-guided editing (0.1%
to 11.7%, average 3.4%) (Figures 3H and 3I). Together, these re-
sults indicate that LaTranC from clade3 can mediate gene edit-
ing under the guidance of either crRNA or reRNA.

The LaTranC complex has higher structural similarity to
the ISDra2 TnpB complex than other characterized type
V CRISPR systems

The nascent evolutionary status of TranC systems and their
ability to utilize both reRNA and crRBNA (tracrRNA-crRNA

¢? CellPress

hybrid) suggest that their ternary complexes (TranC-sgRNA-
DNA) may closely resemble those of TnpB-reRNA-DNA. To
assess this, we first performed AlphaFold-based protein struc-
tural predictions on representative TranC-TnpB pairs from
three representative clades. Each TranC and its sister TnpB
exhibited highly similar domain architectures (Figures S4A
and S4B). Consistent group-level analyses of 333 sister
TnpBs further revealed high structural similarity with their cor-
responding TranCs (template modeling [TM] score > 0.5),
significantly exceeding that observed between randomly
paired Cas12a/b/c groups (p < 0.0001; Figures 4A-4C). Given
the current scarcity of reliable tools for predicting the structure
of protein-nucleic acid complexes, we then experimentally
determined the cryoelectron microscopy (cryo-EM) structure
of the LaTranC-sgRNA-DNA complex.

Although known type V CRISPR systems and TnpBs typically
favor guide spacers of about 20-30 bp for DNA interference,
TnpBs are highly compact and structurally incapable of gener-
ating or maintaining a complete R-loop required for DNA cleav-
age.’0®1:3742-44 1o gain insight into the structural transition
from TnpB to LaTranC, we expressed and purified an LaTranC
and sgRNA complex and reconstructed a complex generating
a partial R-loop, with only 6-bp complementarity between the
sgRNA spacer and the PAM-proximal target strand (2.96 A;
Data S2.1. The cryo-EM map revealed a ternary complex
composed of a single LaTranC protein, the sgRNA, and dou-
ble-stranded DNA (dsDNA) substrate in a partial R-loop confor-
mation (Figures 4D and 4E).

LaTranC has six structural domains, including wedge (WED),
recognition (REC), RuvC nuclease (RuvC), bridge helix (BH),
target nucleic acid-binding (TNB), and C-terminal (CTD) domains,
organized as in TnpBs (Figures 4D and 4E).>**" Like TnpBs and the
known Casi12 proteins, it adopts a bi-lobed structure, with
the recognition lobe (REC), comprising the REC and WED do-
mains, responsible for recognizing a 5-TTC PAM sequence
(Figures S5A-S5D), and the nuclease lobe (NUC), comprising the
RuvC, BH, TNB, and CTD domains, responsible for DNA cleavage
(Figures 4D and 4E). The three motifs shared across TnpBs and
Cas12 proteins (Figure 1B) are situated within the cleavage pocket
of the NUC lobe (in the RuvC and TNB domains; Figure S5E).

We quantified the structural similarity between the ISDra2 TnpB
complex and LaTranC, as well as Cas12 proteins (including
Cas12f, Cas12m, Cas12i, Cas12a, Cas12b, Cas12e, Cas12,
and Cas12k), using established size-independent methods (TM
score; Figures 4F and S5F).*>® The similarity between the La-
TranC protein and its closely related ISDra2 TnpB protein, as
measured by TM score, was 0.85, which is higher than any other
Cas12 variant with experimentally determined structures
(Figures 4F and S5F). Consistently, the only notable difference
was an enlarged BH domain in LaTranC, which likely enhances
nucleic acid interactions by increasing its positively charged sur-
face (Figures S5G and S5H). By contrast, other Cas12 proteins
contain either inactive mutations, form dimers, or have acquired
additional domains (Figure 4G). Together, these findings demon-
strate that TranC proteins such as LaTranC remain structurally
close to their TnpB ancestors, supporting a model in which pro-
tein-level divergence played a limited role during the transition
from mobile transposons to CRISPR-Cas immunity systems.
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Figure 4. Comparative structural analyses of LaTranC, TnpB, and representative Cas12 proteins

(A-C) Structural comparisons between AlphaFold2-predicted models of TranCs and their sister TnpBs from clade3 (A), clade8-Cas12n (B), and clade11 (C).
Cas12a/b/c representatives served as negative controls. n = 4,770, 7,182, and 1,599 for TnpB-TranC comparisons; n = 954, 798, and 246 for TnpB-Cas12a/b/c
comparisons. Statistical significance was determined using the Mann-Whitney U test (p < 0.05). Data are shown as mean + SD.

(D) Domain architecture of the LaTranC protein. The RuvC domain is split into three subdomains (RuvC-l, Il, and lll), a hallmark shared with Cas12 proteins.
(E) Atomic model of the LaTranC-sgRNA-DNA ternary complex resolved in a partial R-loop conformation (2.96 A). Unsharpened cryo-EM maps are shown as gray
outlines. Residues 423-464 and 479-575, mainly in the TNB and CTD domains, are disordered and not included in the model.

(F) Structural alignment of the ISDra2 TnpB complex with LaTranC and five Cas12 orthologs. Despite a high TM score, Cas12m lacks nuclease activity.

(G) Structural overlay of cryo-EM-resolved protein components from ISDra2 TnpB, LaTranC, and representative Cas12 effectors. Domain coloring corresponds
to that shown in (A).

See also Figures S4 and S5 and Data S2.

reRNA splitting enabled the evolutionary emergence of
type V CRISPR systems

We further compared RNA-level changes among TranC, TnpB,
and Cas12s. The RNA component of the LaTranC cryo-EM com-
plex showed the highest similarity to ISDra2 TnpB (RNA-level TM
score: 0.45 for LaTranC, 0.22-0.26 for other Cas12 systems;

8 Cell 188, 1-18, October 30, 2025

Figures 4F and S5F). However, unlike TnpB complexes that utilize
a single reRNA, the LaTranC system encodes a tracrRNA-crRNA
hybrid with a semi-ring architecture comprised of four stems
(stems 1-4) and a pseudoknot (PK) between the CRISPR repeats
and stem 1 (Figures 5A and 5B). The stem 1-PK and stem 4 be-
tween TnpB and LaTranC display a high degree of structural
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preservation (Figures 5A-5C). Stem 1-PK interacts directly with
the protein (Figures S6A and S6B), exhibiting high similarity be-
tween LaTranC and ISDra2 TnpB, but divergent configurations
among various Cas12s (Figures 5C-5E).%0:31:36:37:43.44.47 gtam 4,
which is formed by base pairing between the repeat and anti-
repeat sequences in the LaTranC crRNA and tracrRNA, resem-
bles that of stem 4 of the TnpB-reRNA (Figures 5A-5C). Therefore,
stem 1-PK and stem 4 of the ISDra2 reRNA engage in an intramo-
lecular interaction, while the two stems in LaTranC engage in an
intermolecular interaction, as indicated by the tracrBNA and
CRISPR repeat (Figure 5D), and this supports the hypothesis
that the reRNA underwent an evolutionary split to become a
tracrRNA-crRNA hybrid.*>*" By contrast, stem 3 exhibits rela-
tively lower conservation across ISDra2 TnpB and CRISPR-
Cas12 systems and adopts different conformations (Figure 5E).
Stem 2 is the least conserved and appears to have emerged
only recently, as it lacks a counterpart in ISDra2 reRNA
(Figures 5A and 5B). Sequence comparison across LaTranC ho-
mologs revealed a significant overrepresentation of point muta-
tions in stem 2 (binomial test p = 0.0016; Figure S6C), suggesting
low levels of functional constraint. To directly evaluate the func-
tional importance of these two stems, we generated six sgRNA
variants with different truncation sizes (Figure S6D). Individually
truncating or deleting stem 2 and stem 3 of the sgRNA (v1-v5)
did not significantly affect the editing activity of eLaTranC in
HEK293T cells (Figure S6D). The shortest variant, sgRNA-v6,
which has both stems deleted, had significantly decreased editing
efficiency but remained active (Figure S6D). These results suggest
that although these regions are individually dispensable for
CRISPR function, they may collectively play auxiliary roles in
RNA assembly or stability.

To further validate the structural findings obtained from the
partial R-loop, we reconstituted a LaTranC ternary complex
with a full R-loop and observed two distinct conformations
(Figure 5F; Data S2.2). These conformations differed only
slightly from the partial R-loop structure (Figure 4E). In confor-
mation 1 (3.25 A; ~60% of particles), the PAM-distal portion
of the spacer (7A to 11G) base pairs with the target strand
(21dT to 17dC; “d” indicates DNA; Figure 5G), and conforma-
tion 2 (3.62 A; ~40% of particles) differed only in a few respects,
mainly at the RNA level. The TNB domain density was more sta-
bilized and interacted with the central regions of the non-target
strand (14dG to 16dG; Figure 5H) as in Cas12 proteins.?’***
Stem 3 was highly flexible, adopting a distinct conformation
that interacts with the non-target strand at the PAM-distal end
(Figures 5H and S6G), rather than forming a semi-ring with
stem 2 (Figure 5G).

Cell

Beyond the functional split model observed in clade3 LaTranC
(Figure 5I), we extended this observation to clade8-Cas12n and
clade11 by comparing covariance-folded secondary structures
of reRNAs and tracrRNA-crRNA hybrids (STAR Methods). These
analyses revealed significant structural similarity between re-
RNAs and their corresponding crRNAs in clade8-Cas12n and
clade11 (threshold E-values < 1e-5; all observed E-values
< 1e-7) (Figures STA-S7C) and showed the tracrRNA-crRNA hy-
brids in both clades closely resembled the reRNA structures
from their corresponding TnpB sister clades (Figures S7D-
S7F). Collectively, these results support a convergent evolu-
tionary model in which the functional modularization of
reRNA into tracrBRNA and crRNA—rather than major protein-
level divergence—was a key molecular innovation enabling the
transition from transposon-based TnpB systems to CRISPR-
Cas adaptive immunity across multiple evolutionary lineages
(Figure 5J).

Artificial reRNA splitting is sufficient to convert TnpB-
reRNA into a nascent CRISPR system

Based on the aforementioned structural data, we hypothesized
that the functional splitting of the reRNA was sufficient to drive
the transition from TnpB-reRNA to type V CRISPR systems.
We therefore sought to test whether artificially engineering the
reRNA could convert a TnpB-reRNA to a “nascent CRISPR sys-
tem” composed of a TnpB protein functionally associated with a
LaTranC CRISPR array.

We constructed a pEffector vector encoding ISDra2 TnpB, the
CRISPR array derived from LaTranC, and a chimeric tracrRNA
modified from the reRNA (Figure 6A). Specifically, to mimic the
PK region, we replaced the ISDra2 reRNA stem 1 with the La-
TranC tracrRNA stem 1 to complement the 3’ repeat sequence
of the LaTranC CRISPR repeat, and to mimic the tracrRNA-
crRNA hybrid, we modified the reRNA stem 4 to be complemen-
tary to the 5 repeat sequence of the LaTranC CRISPR repeat
(Figures 6B and 6C). This chimeric tracrRNA could, in principle,
interact with the LaTranC CRISPR repeat at two regions of inter-
molecular interaction (Figure 6C). Subsequently, we performed
both a PAM depletion assay and a plasmid interference assay
to evaluate the activity of ISDra2 guided by the chimeric
tracrRNA and LaTranC CRISPR array (Figure 6D). Wild-type IS-
Dra2 TnpB-reRNA recognizes a 5-TTGAT TAM sequence.’
The PAM depletion assay confirmed that ISDra2 TnpB guided
by a chimeric tracrRNA-CRISPR array retained its recognition
of the 5-TTGAT PAM and exhibited notable plasmid interference
activity (Figure 6D). By contrast, both the wild-type ISDra2 re-
RNA and the LaTranC tracrRNA failed to establish a functional

(C) Comparative overview of RNA structures in LaTranC and ISDra2 TnpB. Structural elements are annotated and colored as in (A and B).

(D) Functional divergence of reRNA (gray) into tracrRNA (blue) and crRNA (red). In TnpB systems, stem 1-PK and stem 4 form intramolecular interactions (gray
dashed boxes), and in LaTranC, these regions engage intermolecularly (green dashed boxes), consistent with tracrRNA-crRNA pairing.

(E) Structural alignment of guide RNA components from ISDra2 TnpB, LaTranC, and representative Cas12 systems based on cryo-EM data.

(F-H) Cryo-EM reconstructions of LaTranC ternary complexes. (F) Overview of two conformations: partial R-loop (G) and full R-loop (H) structures. In (H), the
unsharpened cryo-EM density of the non-target DNA strand (NTS) is shown in blue.

(I) Structural model illustrating the functional split of reRNA.

(J) Summary of reRNA splitting across three representative TranC clades (3, 8-Cas12n, and 11). See Figure S7 for covariance-based structure comparisons of

reRNAs and tracrBNA-crRNA hybrids in clade8-Cas12n and clade1.
See also Figures S6 and S7 and Data S2.
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Figure 6. Engineering reRNA splitting to reconstitute a nascent CRISPR system from TnpB components

(A) Conceptual model illustrating experimental mimicry of the evolutionary transition from TnpB-based transposons to CRISPR-Cas systems.

(B and C) Structure comparison between the wild-type ISDra2 reRNA (B) and a chimeric “tracrRNA”-crRNA hybrid constructed by modifying ISDra2 reRNA (C).
The stem 1-pseudoknot (PK) and stem 4 were highlighted as functional splitting sites based on cryo-EM comparisons (see Figure 5I). Therefore, stem 1 was
replaced with the corresponding LaTranC tracrRNA stem to pair with the 3’ CRISPR repeat, resulting in the PK region. Stem 4 was redesigned to pair with the 5’
repeat. Consequently, the chimeric tracrRNA forms intermolecular interactions with the LaTranC repeats in two regions. The long stem 3 is conserved and not

shown in detail.

(D) Functional validation of TnpB using a chimeric tracrRNA-crRNA hybrid in E. coli by interference assay (left) and PAM depletion assay (right). Wild-type ISDra2

reRNA and LaTranC tracrRNA served as negative controls.

(E) RNA-seq analysis of guide RNA processing, presented in the same format as Figure 3G.
(F) Genome-editing activity of ISDra2 TnpB in HEK293T cells guided by either wild-type reRNA or an artificial sgRNA (chimeric tracrRNA fused to LaTranC crRNA).
Editing efficiencies across ten endogenous target sites containing a 5-TTGAT PAM were measured by deep sequencing (1 = 3, mean + SEM).

See also Data S1.
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Figure 7. Comparative architecture of TnpB, TranC, and type V CRISPR-Cas systems
Top: TnpB nucleases function as RNA-guided effectors using a single structured guide RNA (reRNA). Middle: TranC systems, proposed here as evolutionary
intermediates, display hybrid features of both TnpB and CRISPR systems. They retain a TnpB-like effector but feature modularized guide RNAs (tracrBNA and

crBNA) and are found adjacent to co-opted CRISPR arrays.

Bottom: Canonical type V CRISPR-Cas systems (e.g., type V-A) encode large effector proteins and possess complete CRISPR loci, including Cas1, Cas2, and

Cas4, supporting both adaptation and interference functions.

association between ISDra2 TnpB and the LaTranC CRISPR
array (Figure 6D). RNA sequencing revealed maturation of the
chimeric tracrBNA and CRISPR array into two transcripts
(Figure 6E).

We next evaluated whether the chimeric tracrRNA-crRNA-
guided ISDra2 TnpB would exhibit DNA targeting activity in hu-
man cells. After fusing the chimeric tracrRNA and LaTranC
crRNA into an artificial sgRNA (Table S2), we compared the edit-
ing efficiencies of ISDra2 TnpB guided by a wild-type reRNA or
an artificial CRISPR sgRNA across ten target sites in HEK293T
human cells (AGBL1-TTGAT-T1, AGBL1-TTGAT-T2, AGBL1-

TTGAT-T3, AGBL1-TTGAT-T4, APOB-TTGAT-T1, APOB-
TTGAT-T2, DNMT3B-TTGAT-T1, EMX1-TTGAT-T1, VEGFA-
TTGAT-T1, and VEGFA-TTGAT-T2) with 5-TTGAT PAMs

(Figure 6F). Deep sequencing results showed that these two
guide RNAs induced similar levels of editing efficiency (artificial
sgRNA: 6.2% to 30.6%, average 16.4%; reRNA: 4.4% to
32.5%, average 21.0%; Figure 6F). Notably, for four genome-ed-
iting systems in human cells, eLaTranC-sgRNA, eLaTranC-re-
RNA, TnpB-reRNA, and TnpB-artificial sgRNA, the indel
mutation types were largely similar, mainly inducing deletions
(< 50 bp) with rare insertion events (Data S1.15), while the
LaTranC-sgRNA group induced slightly larger deletions. Overall,
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the generation of an artificial CRISPR association demonstrates
that the functional splitting of reRNA into tracrRNA and crRNA is
sufficient to drive the emergence of TranC systems.

DISCUSSION

Transposon domestication represents one of nature’s major
evolutionary innovations. This process promotes the birth of
new genes, including the creation of new adaptive immune sys-
tems.*®>" Here, we have shown how 1S200/605-family TEs gave
rise to diverse type V CRISPR-Cas12 systems via multiple, inde-
pendent domestication events (Figure 7).

First, TranC systems, consistent with their nascent evolu-
tionary status, display evolutionary instability and flexible RNA
usage. This instability is evidenced by the frequent absence of
CRISPR arrays and substitutions or loss of catalytic residues
(Figures 2C-2E; Data S1.3-S1.5). This dynamic is consistent
with the patterns observed in evolutionarily young genes, where
some lineages retain young genes while others lose them.*?>% As
recently diverged derivatives of TnpB systems, five 1S605-
derived TranCs (from clade3 and clade11) can be activated by
either a crRNA or a reRNA (Figures 3D and 3F). By contrast,
the 1S607-derived clade8-Cas12n relies solely on crRNA. While
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this may partly reflect a limited sample size or detection
sensitivity, it may also result from clade-specific genomic orga-
nization where only clade8-Cas12n and its sister TnpBs exhibit
extensive coding sequence overlap with tracrRNA/reRNA re-
gions (Figures 2F and S2D). This co-localization implies a tight
coupling between protein and guide RNA, potentially promoting
functional associations with the tracrRNA while diminishing
compatibility with reRNA.

Second, the functional splitting of reRNA into tracrRNA and
crRNA seems to be sufficient for the transition from TnpB to
CRISPR-Cas12 systems. In clade3, the LaTranC cryo-EM
structure reveals striking conservation with ISDra2 TnpB
(Figure 4F), but with a distinct guide RNA configuration: stem
1-PK and stem 4 shift from intramolecular interactions in
TnpB-reRNA to intermolecular pairing in the tracrBRNA-crRNA
hybrid (Figure 5D). Additionally, computational analyses indi-
cate that clade8 and clade11 retain high protein structural sim-
ilarity to their specific sister TnpBs (Figures 4A-4C), with their
tracrBNA-crBRNA hybrids resembling the reRNAs of homolo-
gous TnpBs (Figure S7). Our engineering experiment further
demonstrates that introducing a chimeric tracrRNA is sufficient
to convert TnpB-reRNA into a functional TranC-like system
(Figure 6). Importantly, in this study, “splitting” refers to func-
tional and structural modularization into distinct tracrRNA
and crRNA components, rather than a direct mutational trans-
formation of reRNA sequences. This aligns with two proposed
hypotheses for the origins of type V CRISPR arrays: de
novo generation and co-option of ancestral Class 1 CRISPR ar-
rays.®'®** The CRISPR arrays associated with the experimen-
tally active TranCs may have originated from ancestral Class 1
CRISPR arrays, as those from all eight TranCs are similar to
known Class 1 CRISPR arrays (Table S1). In addition, the wide-
spread presence of “isolated arrays” derived from Class 1 sys-
tems is consistent with the plausibility of such co-option
events.”® This scenario is also compatible with the Cas12 orig-
ination model, wherein a TnpB-encoding transposon integrates
near a preexisting CRISPR array, subsequently establishing a
functional association between the TnpB protein and the
array.5,18,19,26

The engineered eLaTranC variant demonstrates endogenous
gene editing activity and guide RNA interchangeability in hu-
man cells (Figure 3l). However, as a newly emerged and
compact Cas12-like protein, its editing efficiency could be
further improved. To this end, we developed a 90-nt mini-
sgRNA, which is 53.8% shorter than the 195-nt wild-type
sgRNA yet retains a similar level of editing activity (Figures
S6E and S6F). This mini guide RNA may provide a platform
for engineering more compact and efficient LaTranC-based
gene editors. Furthermore, large language models (LLMs)
have already been applied to the design of artificial genome-
editing systems.® The guide RNA interchangeability between
crBRNA and reRNA provides a new perspective on protein-
RNA interaction design, which could be leveraged to fine-
tune Al (artificial intelligence) models for better modeling of
complex protein-RNA dynamics.

Han et al. recently identified a diverse collection of TnpBs and
candidate Cas12s (named CRISPR type V-Us) scattered
across distinct TnpB branches.?’ To facilitate comparisons, we
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classified our TranC clades within the V-U nomenclature
(Figures 2C-2E; Data S1.3-S1.5; Table S1), with clades 3, 11,
12, 13, and 14 corresponding to types V-U23, V-U18, V-U12,
V-U34, and V-U37, respectively.

Altogether, our findings demonstrate that TnpB-encoded
TEs evolved into diverse CRISPR-Cas12 systems through
RNA-level rewiring. The high genomic abundance and diver-
sity of TnpB loci, together with the relatively rapid evolutionary
dynamics of RNA, created favorable conditions for multiple in-
dependent transitions toward CRISPR-Cas12 systems. This
mode of recurrent emergence contrasts sharply with the
apparent single-origin histories of Cas9, which is derived
from IscB-encoded 1S200/605 elements,® and Cas13, which
originates from AbiF toxin-antitoxin systems.”’ These diverse
evolutionary trajectories of RNA-guided nucleases highlight
their unique evolutionary accessibility and promise continued
discovery of new biological mechanisms and genome-editing
platforms.

Limitations of the study

In this study, computational constraints made it infeasible to
simultaneously apply all three mining strategies (motif-, profile-,
and sequence-based searches) directly to massive datasets
such as MGnify. Therefore, we initiated TranC mining using the
combined approach on four smaller, high-quality, and diverse
microbiome datasets. We anticipate that future evolutionary an-
alyses leveraging increased computational resources and
improved search methodologies will further expand the discov-
ery and characterization of additional TranC systems.

Due to time constraints, we did not explore the detailed char-
acteristics of other TranCs. Moreover, the editing activity of eLa-
TranC could be further optimized, and its performance in other
species, as well as its off-target activity, warrants more compre-
hensive evaluation.
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o All additional data supporting the findings of this study are available
from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

E. coli transformation

FastT1 E. coli competent cells were used for plasmid amplification. DH5« E. coli competent cells were used for PAM depletion and
DNA interference assays. Transformed E. coli cells were grown at 37°C in Lysogeny Broth (LB) medium supplemented with appro-
priate antibiotics.

Mammalian cell lines and culture conditions

Human HEK293T cells (ATCC, CRL-3216) were cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco) supplemented with
10% (vol/vol) fetal bovine serum (FBS, Gibco) and 1% (vol/vol) Penicillin-Streptomycin (Gibco) in a humidified incubator at 37°C with
5% COs..

METHOD DETAILS

General experimental methods

Unless otherwise noted, DNA was amplified by PCR using 2 x Phanta Max Master Mix (Vazyme Biotech) or 2 x TransStart FastPfu
PCR SuperMix (TransGen), while plasmids were assembled using a ClonExpress Il One Step Cloning Kit (Vazyme Biotech). The E. coli
DH5a cells used in the bacterial assays were obtained from Takara (E. coli DH5a Electro-Cells). The E. coli cells used for vector con-
struction were cultured in LB liquid or on agar medium with appropriate antibiotics (ampicillin: 100 mg/L; kanamycin: 50 mg/L) at
37°C. All plasmids used in this study were constructed by Gibson assembly or mismatch PCR. The primers used for bacterial and
human cell assays and sequences of target sites are listed in Table S2.

Initial protein collection and curation

We obtained amino acid sequences comprising 1,712 TnpB homologs and 90 Type V-U CRISPR effectors (uncharacterized Type V
CRISPRs) from Shmakov et al.,'® along with 416 Type V-U CRISPR effectors and 5,752 TnpBs from Han et al.>! Additionally,
ISDra2 TnpB sequence was obtained from Sasnauskas et al.*’ Furthermore, we collected data from several studies that
compiled various Cas12 proteins, ranging from Cas12a to Cas12n.%%:3%:3540:44.67=76 \Wg applied CD-HIT (v4.8.1)"" with the parame-
ters “-i all_proteins -o merged_proteins -G 0.5 -aS 0.5” to eliminate redundancy among proteins. In total, we acquired 7,012 TnpBs,
114 classified Cas12 proteins, and 294 V-Us. These protein sequences were used for phylogenetic analysis in Figure 1C. Detailed
protein information is provided in Table S1.

A collection of representative TnpB and Cas12 protein sequences was assembled to search for TranC candidates. The objective
was to employ an impartial benchmark representing TnpB and Cas12 proteins. To achieve this, a comprehensive set of amino
acid sequences was constructed, encompassing a diverse range of TnpB and Cas12 types. It comprised 50 randomly selected
TnpB sequences (10 from each of the Typical, Derived, RlIr-3, RlIr-5, and RllIr-4 categories) from Han et al.,?" ensuring that none
contained the ambiguous amino acid “X”. Furthermore, the 114 classified Type V CRISPR effectors described earlier, which are
non-redundant proteins, were incorporated. This set ensemble of 164 protein sequences was employed for three TranC mining
methods, including motif search, profile search, and sequence search, facilitating the accurate and reliable identification of TranC
candidate proteins.
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Identification of TranC candidates

Compilation and annotation of microbial datasets

Considering the substantial size and inherent redundancy of metagenomic sequence data,”® we focused our initial TranC candidate
mining efforts on four high-quality, representative microbiome datasets: GTDB,’® Almeida et al.,?’ Bai et al.,®’ and Levy et al.?? The
GTDB (RS220, released 24th April, 2024)"° provides standardized and well-annotated genome sequences generated from publicly
available microbial sequencing data, enabling access to high-quality, diverse, and non-redundant microbial genomes. The data from
Almeida et al. corresponds to version 2 of the Unified Human Gastrointestinal Genome (UHGG) catalog released by MGnify,”%2°
whereas the datasets from Bai et al. and Levy et al. were derived from plant microbiomes. For these latter three datasets, we anno-
tated open reading frames (ORFs) using Prodigal (v2.6.3),%° applying the “-p meta” parameter specifically designed for metagenomic
data annotation, which accommodates the diverse taxonomic composition typically observed in metagenomic sequences.®*
Motif search

We detected conserved motifs shared between TnpB and Cas12 proteins using the STREME algorithm.®" The reference dataset of
TnpB and Cas12 proteins used in this analysis is described in “Initial protein collection and curation” above. Three motifs were
identified (Figure 1B): Motif 1 is located in the first segment of the tri-split RuvC domain; Motif 2 was identified within the TNB domain;
and Motif 3 is located at the junction between TNB and RuvC domain. Subsequently, these motifs were subjected to the QFAST al-
gorithm against the microbial genome and metagenome dataset described above to search the candidate proteins harboring at least
one motif with an E-value significance threshold of 1e-5.%° In detail, the motifs were represented as position-dependent probability
matrices, which describe the likelihood of each possible amino acid at each position in the motif. For sequences containing
ambiguous characters, QFAST calculates a weighted average of the log-odds scores for matching characters, using their back-
ground frequencies as weights. The algorithm assumes that the distribution of the product of p-values from motif scores can be
approximated by the distribution that results from multiplying independent random variables, each of which is uniformly distributed
between 0 and 1. The overall significance of the product of n independent p-values is determined by calculating the statistical dis-
tribution of these products, with an overall p-value threshold of 0.01, indicating significant motif enrichment. Among the 164 TnpB
and Cas12 proteins used for motif discovery, 153 proteins harbor at least one motif. Proteins harboring at least one motif were
considered successful hits, which aid in the identifying proteins with disrupted motifs or rearranged domains.”® This analysis led
to the identification of 1,804,743 initial non-redundant proteins.

Profile search

We further constructed the Hidden Markov Models (HMMs) representing conserved regions shared between TnpBs and Cas12s. The
dataset of TnpB and Cas12 proteins used here is consistent with the motif search. Based on multiple sequence alignments (MSAs) of
amino acid sequences generated by MAFFT (v7.505),%” we focused on the relatively conserved RuvC and TNB domains in ThpB and
Cas12 proteins to construct three HMMs. Specifically, we focused on three regions: (1) the conserved N-terminal region of RuvC
(RuvC-Il and part of RuvC-ll), (2) the TNB domain and conserved C-terminal region of RuvC (TNB-RuvC-lll), and (3) the full-length
of the RuvC-TNB domain. These three HMMs were subsequently employed in a profile search with the HMMER suite (v3.3.2) against
the microbial genome and metagenome dataset described above to search the candidate proteins harboring at least one HMM, us-
ing a significance threshold of 1e-5.%° This approach yielded 99,445 initial non-redundant candidate proteins for further analysis.
Sequence search

A BLASTp-based sequence search was performed against the aforementioned microbial genome and metagenome dataset, utilizing
a significance threshold of 1e-5. The query dataset of TnpB and Cas12 proteins used in the other two search methods was applied
here. This search was limited to proteins of a minimum length of 300 amino acids and a maximum sequence identity of 90% with the
input proteins, in order to avoid redundancy. This screening process yielded 62,855 initial non-redundant candidates.

Protein filtration

Based on the non-redundant results obtained from the above three searching methods, we first obtained the proteins located more
than 1 kilobase away to contig termini to ensure functionality and minimize annotation errors, and then applied seven filtering criteria
to construct a conservative candidate dataset: 1) sequence divergence from known classified Cas12 proteins (identity < 0.35); 2)
presence of a CRISPR array within a 5-kilobase flanking region detected by MinCED (v0.4.2)%%; 3) utilizing MinCED with the parameter
"-minNR 4", we discerned CRISPR arrays with a stringent threshold of at least four repeats, given that CRISPR-Cas systems featuring
fewer repeats are likely non-functional®®; 4) protein sizes falling within the range of 300 to 625 residues, akin to TnpBs?’; 5) exclusion
of proteins associated with adaptation modules (Cas1, Cas2, and Cas4) within 50-kilobase flanking region (see details in next sec-
tion); 6) elimination of proteins potentially representing intact transposons (see details in next section); 7) removal of protein redun-
dancy, retaining only one representative per homolog group (inter-nomology identity and coverage exceeding 50%).

Based on the results of the above filtering methods, we initially identified 130 candidates. To further expand the candidate pool, we
conducted a second round of tBLASTn-based search in the NCBI NT database, using an E-value threshold of 1e-5, with the initial
candidates serving as bait. We applied the same filtering criteria as before, ultimately identifying 146 candidates, each linked to the
host species taxonomy information retrieved from the NCBI Taxonomy database.®° Finally, the candidate CRISPR arrays were manu-
ally verified to ensure accuracy. Please refer to Table S1 for the detailed list of these TranCs.

Transposon and adaptation modules identification
TnpB proteins that establish a functional coupling with CRISPR array are expected to have lost their transposition activity.
Therefore, when we identified the candidate TranCs, we filtered out all intact transposons adjacent to CRISPR arrays, defined by the

5,18,19,26
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presence of a TnpA transposase within 1.5 kb. Leveraging the ISfinder database,’’ we retrieved sequences for 157 Y1 TnpA trans-
posases and 49 serine TnpA recombinases. Employing both sequence (BLASTp) and profile (HMMER) searches with an E-value sig-
nificance threshold of 1e-5, we identified putative TnpA ORFs positioned 1.5-kilobase flanking the ORF of each candidate, account-
ing for their various genetic arrangements.®>?® The adaptation proteins, including Cas1, Cas2, and Cas4, were identified via HMM
profile searches. We employed HMM models previously generated”’-°® and the HMMER software suite (v3.3.2) with a significance
threshold of 1e-5 for this purpose.

Evolutionary analysis

Reconstruction of a TnpB and Cas12 supertree

Our analysis involved a total of 7,012 TnpBs, 114 classified Type V CRISPR effectors, 294 V-Us, and 146 candidates (see
Table S1). Due to considerable sequence divergence, we employed a specialized pipeline to construct a phylogenetic tree.
MSAs were generated using MUSCLE (v5.1)°* with the parameter “-super5”, which offers high sensitivity for large, deeply
diverged homologs. The resulting MSA was automatically trimmed using trimAl (v1.4.rev22)®® with the parameter “-gt 0.5” and
subsequently manually corrected to remove unclear or gapped regions, ensuring that the catalytic residues D, E, and D were
conserved across the sequences. To address potential topological bias due to long-branch attraction, we created an initial draft
tree using FastTree2 (v2.1.11).°° According to a previous study,”' singleton nodes with excessively long branches (branch length >
1.5) were removed unless they displayed significant homology to other TnpBs or Cas12 alignments (HMMER with an E-value sig-
nificance threshold of 1e-5). For the final comparison, we performed five independent runs using IQTREE2 (v2.2.0)°° with the
following parameters: VT+F+R10 substitution parameters (determined to be optimal for this alignment via ModelFinder
v2.3.2%7), 2,000 bootstraps, -nstop 5, —ninit 100, —ntop 100, —nbest 20, and the —bnni option to reduce bootstrap overconfidence
in the case of model violations. The tree with the optimal likelihood score from the five parallel runs was selected as the final tree.
Bootstrap support values for the best tree were computed using the “—bnni” option to account for model violations during boot-
strap determination. Given the extensive investigation of ISDra2 TnpB and its position in the most prominent TnpB phylogenetic
group,®*"°® we selected a clade containing this TnpB protein as the root of the tree. The consistency of TnpB placement in our
phylogenetic tree aligns with a 2023 study that provided a panoramic view of TnpB evolution.?’ The resulting topology reflects
similar relationships among the five known isoforms of TnpB. Additionally, TnpBs are observed to intermingle with various sub-
types, such as Cas12n, in agreement with the previously documented independent origins of Cas12 subtypes.?’***>“C Phyloge-
netic trees and DNA sequence alignments have been provided in Data S3.

Independent phylogenetic analyses of TranC clades

Based on the supertree, we identified 25 TranC candidate clades, each containing at least two TranC candidate proteins coupled
with CRISPR arrays (Figure 1C; Table S1). These clades may represent early transitional forms from transposons to CRISPR systems.
However, the TnpB family has extreme diversity and is an order of magnitude more diverse than the IscB family. Furthermore, there
were multiple transitions from TnpB to Cas12 in the origination of Type V systems. Therefore, a single phylogenetic analysis
(Figure 1C) might not fully capture the complete evolutionary landscape. In order to depict evolutionary scenarios of these 25 clades,
both sequence-based and structure-based homology searches were employed with the objective of identifying as many homologs
as possible. For sequence searching, we conducted a phmmer search (E-value < 1e-5) for each TranC candidate in MGnify (one of
the largest metagenomic resources of public datasets, which contains over 2.4 billion non-redundant sequences).”® A total of
764,800 initial homologs were identified in this step. Concurrently, the “TM-align” mode of Foldseek was employed, in conjunction
with protein structures predicted using AlphaFold3,°%* to traverse all available protein structure databases. The databases included
BFVD 2023_02, AlphaFold/UniProt50 v4, AlphaFold/Swiss-Prot v4, AlphaFold/Proteome v4, BFMD 20240623, CATH50 4.3.0,
MGnify-ESM30 v1, PDB100 20240101, and GMGCL 2204. Hits were initially screened using a TM-score cutoff of 0.5 or higher. A
total of 485,750 initial homologs were identified in this step.

We then performed a two-step filtration of the hits obtained from both sequence-based and structure-based homology
searches. First, we removed homologs with low coverage and similarity by applying thresholds of coverage > 0.70 and identity
> 0.30. Next, within the joint homolog set generated through both sequence- and structure-based searches, we removed redun-
dancy by grouping similar proteins (identity > 90%) using MMSeqs2 (v14.7e284)° and selecting a representative protein from
each group. To reduce the likelihood of false positives due to low-quality metagenomic assemblies, we excluded samples where
the contig end was positioned less than 500 bp away from the ORF end. Following these filtering steps, a total of 3,276 homologs
were obtained.

Subsequently, we constructed MSAs using MAFFT (v7.505) with E-INS-I mode, which is suitable for sequences containing large
non-comparable regions. This alignment included the identified homologs and the samples for initial defining each TranC candidate
clade. Finally, 25 reliable phylogenetic trees for each clade were constructed using IQTREEZ2, following the same parameter settings
as described above. Among these 25 TranC candidate clades, six with a clear TnpB sister group (maximum-likelihood branch sup-
port >80%) were defined as TranC clades. Consequently, each TranC clade comprises a TranC group and a TnpB sister group
sharing a common ancestor. Although occasional CRISPR array associations were observed for a few TnpB sister group members,
over 95% lacked CRISPR association, suggesting that they predominantly represent ancestral TnpB systems. Phylogenetic trees
and sequence alignments have been provided in Data S3.
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Functional studies of TranCs based on metadata

Outline of functional and divergence analyses

To fully understand the transition from transposon systems to the CRISPR system, we performed a series of comparative analyses
focusing on bona fide TranC clades (Figures 2C-2E and S2A-S2C; Data S1.3-S1.5) and representative non-TranC clades (Data S1.6-
S1.11). These analyses included assessments of transposon features, CRISPR features, and catalytic activity, providing insights into
the evolutionary divergence and functional specialization of TranC proteins.

For transposon features relevant to element mobility, we performed the following analyses: (1) The TnpA association analysis. This
analysis was conducted in accordance with the “Transposon and adaptation modules identification” section above. (2) The left/right
end (LE/RE) sequences analysis. We first retrieved 108, 55, and 248 terminal sequences respectively for the IS605, IS607, and 1S1341
transposons from ISfinder database.’’ We then conducted BLASTn searches (E-value < 1e-5) within a 1.5-kilobase region surround-
ing the ORF of each candidate to identify the conservation of LE/RE sequences. The sequence identities of the successful searching
results were annotated adjacent to each phylogenetic tree. (3) The TnpB copy number analysis. To evaluate the TnpB copy number
within each contig, we conducted BLASTp searches using the candidate protein as a query, employing two sets of thresholds: iden-
tity > 0.70 and coverage > 0.70, as well as identity > 0.95 and coverage > 0.95, to generate two independent results. (4) The reRNA
covariance analysis. This analysis was described in an independent section “Analysis of TnpB reRNAs” below. (5) The identification
of co-occurrences of other TnpBs within the genome. Two HMM profiles, PF01385 and PF07282, were employed to detect additional
TnpB homologs within the same contig through an HMMER search (E-value < 1e-5).

For CRISPR features, we performed the following analyses: (1) The adaptation module characterization. This analysis was con-
ducted in accordance with the "Transposon and adaptation modules identification" section above. (2) CRISPR array profiling and
co-occurrence analysis of other arrays. MinCED (v0.4.2)%° was used to identify CRISPR arrays located near ORFs (< 500 bp) and
co-occurring arrays across the contig level. (3) The origin of repeat sequences was predicted through comparative sequence anal-
ysis. The repeat sequences were subjected to BLASTn searches against the CRISPRCasTyper (v1.8.0)°° and CRISPRCasdb (2022
release)®®'%° databases. All outputs with an E-value significance threshold of 1e-5 were listed in Table S1. (4 and 5) The analyses of
PAM sequences, spacer sources, and tracrRNA-crRNA covariance are presented in separate sections below: “Prediction of PAM
sequences and spacer source” and “Analysis of tracrRNA-crRNA hybrids in TranCs.” (6) For identification of co-occurrences of other
Cas12s within the contig, we collected 40 HMMs®® representing different Cas12 subtypes for profile searches (E-value < 1e-5) to
identify co-occurring Cas12s within the contig.

For catalytic activity, we assessed the conservation of nuclease catalytic sites by carefully examining the unpruned MSA of indi-
vidual clades. To illustrate, the catalytic sites of ISDra2 TnpB are D191, E278, and D361.%%°" Although variations may occur in these
sites or their surrounding sequences, they generally remain conserved. Notably, D361 is situated within the “DRDXN” motif in ISDra2
TnpB, and in “derived TnpB” group, it is predominantly present within the “NADXN” motif.?" Furthermore, we found that some of
TranC proteins lack part of the catalytic site, due to encoding a considerably shorter ORF compared to other homologs. For example,
we manually examined the genomic locus of a clade3 TranC member from subclade4, designated “MGYG000001704_01928", using
the LaTranC protein as a reference. We identified a frameshift, likely caused by an indel, that disrupted the ancestrally intact ORF.
Given that all subclade4 homologs encode this truncated ORF, the indel likely occurred in their common ancestor.

Prediction of PAM sequences and spacer source

Using spacer sequences as queries, we conducted BLASTn searches against multiple databases, Human Gut Virome Database
(GVD),'°" Gut Phage Database (GPD),'°> PHAge Search Tool Enhanced Release (PHASTER),'® NCBI RefSeq Viral and Plasmid
Genomes, Integrated Microbial Genomes/Virus (IMG/VR),'** and PhageScope.'*® Given the relatively short length of spacers
(20-30 bp), we applied a stringent cut-off of 85% identity and 85% coverage to enhance search reliability. For candidates with mul-
tiple hits, redundant matches were removed, particularly when the same orthologous locus appeared in related viral lineages. Spacer
hits to viral metagenome databases were all classified as viral-derived spacers, although that such databases can contain a small
proportion of host-derived sequences. After identifying hits corresponding to distinct spacers from the same candidate, we extracted
the 5-bp upstream (5'-flanking) sequences and utilized this information to construct PAM motifs.

Meta-transcriptome analysis

In the absence of a centralized database for meta-transcriptome data, we undertook an exhaustive literature review to identify
studies that have generated meta-transcriptome data across diverse ecological contexts. In total, we obtained 1,576 meta-transcrip-
tomic datasets from 27 projects, including 1,107 from human gut microbiota, 218 from marine microbiota, and 251 from soil micro-
biota datasets derived from published studies and NCBI SRA database.'°®'%” Using BWA-MEM, '°® we mapped reads to TranC loci,
along with their flanking 5-kilobase regions. Since these meta-transcriptome datasets were unpaired with the metagenome datasets
encoding TranCs, we required > 50% read coverage in BWA-MEM to ensure confident identification of homologs, following conven-
tional practices in meta-transcriptome data mining.'?® The results were processed into BAM files, and read depth was calculated
using the Samtools (v1.17)""° depth command.

Analysis of tracrRNA-crRNA hybrids in TranCs

Based on prior knowledge of Type V CRISPR systems (e.g., Cas12b, Cas12e, Cas12f, Cas12k and Cas12n)***4%:67.111 gand the
meta-transcriptome analyses above, it was suggested that the tracrRNAs of the TranCs may be positioned between the 3'-terminus
of the effector ORF and the upstream region of CRISPR arrays. Therefore, to identify the tracrRNA, we extracted the sequence start-
ing 300 bp upstream of the last nucleotide of the candidate genes and extending to the first CRISPR repeat downstream. IntaRNA
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(v3.4.1)""? was used with parameters “~outOverlap Q” and “~outMode C” to identify the hybrid stem formed at the 3’ end of the
tracrRNA and the CRISPR repeat region. The region was extended by 15 bp downstream to define the 3’ end boundary of the
tracrBRNA. Based on this identified end, a 250 bp segment upstream was designated as the putative tracrRNA. The tracrRNA se-
guences were then aligned using MAFFT (v7.505)%” with the “E-INS-I” algorithm. Subsequently, a preliminary clade-specific
tracrBRNA consensus structure was inferred using ConsAliFold (v0.1 .3)”3 with default parameters. An initial covariance model was
constructed with the cmbuild program of Infernal (v1.1.5)""* and subsequently calibrated using cmcalibrate. Subsequently, this pre-
liminary model was used for iterative scanning of the TranC members from the corresponding TranC clade by the CMsearch program
with an E-value threshold of < 1e-5, the identified sequences were concatenated to the corresponding repeat sequences with a
“AAAAA” linker to obtain the tracrRNA-crRNA hybrids. Manual inspection was performed to ensure the confident 3’ terminal of
tracrBNA, which can pair to CRISPR repeat. Finally, the tracrRNA-crRNA hybrids were used to generate the final CRISPR RNA
covariance models for each representative TranC clade. These models were then verified with R-scape at an E-value threshold of
1e-5.""° R2R (v1.0.6)"'® was used to draw consensus structure diagrams and assess secondary structure conservation (parameters:
—-GSC-weighted-consensus 30.97 0.9 0.75 4 0.97 0.9 0.75 0.5 0.1). Covariance model files and RNA alignments have been provided
in Data S3.

Analysis of TnpB reRNAs

The reRNAs consist of a scaffold sequence encoded by the transposon and a guide sequence located just outside the transposon’s
right end. The reRNA scaffold is conserved across different transposon copies, while the flanking guiding sequences vary.®*2°
However, most members of the TnpB sister groups were derived from metagenomic data, and the incomplete assemblies (with con-
tig lengths typically shorter than 10 kb) may have limited the recovery of multiple transposon copies. To address this, we further iden-
tified highly conserved homologs of these sister TnpBs (with similarity > 90%) across the entire MGnify database using “mmseqgs
search” program of MMsegs2 software,''” with the aim of detecting more transposition events for reRNA covariance model con-
struction. Using this expanded dataset of TnpBs, we extracted sequences spanning 300 bp upstream and 300 bp downstream of
the last nucleotide of the TnpB ORFs. These sequences were clustered using CD-HIT (v4.8.1)"'® with 95% length and alignment
coverage to remove duplicates. The MAFFT (v7.505) with the “E-INS-I” pattern was further used for sequence alignment. The align-
ments were manually inspected to locate the transposon’s right end, typically found at the junction between highly conserved and
poorly conserved sequence regions, marked by a pronounced drop in mean pairwise identity across sequences. The 250-bp
sequence window upstream of the 3’ end of the reRNA scaffold was extracted. The subsequent covariance model construction fol-
lowed the same methodology as described in “Analysis of tracrRNA-crRNA hybrids in TranCs”. Covariance model files and RNA
alignments have been provided in Data S3.

For experimental examining reRNA-guided activity of TranCs, we also used these reRNA covariance models for detecting the spe-
cific reRNA sequences (Figure 3C). Using CMsearch with an E-value threshold of < 1e-5, we scanned for reRNA sequences across
loci of clade-specific, closely related TnpBs identified through sequence- and structure-based homology searches. Identified trans-
posons were ranked based on three criteria: (1) copy number (> 2 copies, indicative of potential mobility, as previously reported,®’ (2)
sequence similarity (> 40% similarity to TranCs), and (3) structural similarity (TM-score > 0.6). The majority of TnpB and TranC se-
quences were derived from metagenomic datasets such as MGnify.”® MGYP entries are MGnify accession identifiers for represen-
tative sequences of non-redundant protein clusters. Therefore, a single MGYP accession may correspond to multiple similar se-
quences. For example, MGYP004455556179 contains several DNA sequences, among which MGYP004455556179_1 and
MGYP004455556179_9 were designated Anal TnpB and Ana2 TnpB, respectively. Both were included in reRNA analysis and exper-
imental testing (Figures 3D, S3E and S3F). The representative protein sequence Anal TnpB was used for phylogenetic analysis
(Figure S2C). For other MGYP samples, a DNA sequence from each corresponding MGYP accession was selected based on
CMsearch results for experimental testing. From this analysis, 12 reRNAs meeting all thresholds were selected for functional valida-
tion of TranC activity (Table S2).

Conservation analyses of LaTranC tracrRNA stems

During our exploration of clade3 homologs, we detected two MGnify representative sequences exhibiting substantial similarity
(> 85%) to LaTranC. Within the MGnify homolog clusters corresponding to these sequences, there are numerous members,
but only four were associated with sufficiently long contigs that included the 3’ flanking noncoding regions. These four noncoding
sequences, together with LaTranC’s own tracrRNA, were employed in the construction of an MSA. We then examined the distri-
bution of substitutions across four stem regions to evaluate their conservation. The test was performed using a simplified Binomial
Test. Specifically, we assumed that the probability of retention at each site is homogeneous, under the null hypothesis of a uniform
retention probability of 0.25. The nucleotides corresponding to different stems were treated as independent observations sampled
across multiple times, allowing us to assess whether the probability of mutations occurring at different stems deviates significantly
from the expected value.

Computational Structural Analyses

Compilation of public protein structure data

We assembled a collection of reported protein structures, including 1ISDra2 TnpB (PDB: 8EXA®"), Cas12a (PDB: 5B43,%” 5XUT"'9),
Cas12b (PDB: 5WQE,'?° 5WTI'?"), Cas12c (PDB: 7VYX'??), Cas12e (PDB: 6NY2,** 7WB1'?%), Cas12f (PDB: 7C7L%"), Cas12g
(PDB: 6XMF'?%), Cas12i (PDB: 6W64,'>° 6LU0"'*°), Cas12j (PDB: 7M50'?"), Cas12k (PDB: 7PLA'?®), Cas12l (PDB: 7YOJ"") and
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Cas12m (PDB: 8HHL®®). In cases where a particular Cas subtype had multiple structures available, one representative structure was
selected at random.

Prediction of protein structures

To predict protein structures, we utilized AlphaFold2 (v2.2.0)°° to predict protein structures, unless otherwise stated. All the predicted
structures exhibited an average per-residue confidence metric pLDDT > 70, signifying high reliability.>® To construct a structure-
based tree from a streamlined dataset, the pairwise structural alignments were computed with TM-score and adjusted by residue
distance measures.*>**® These values were assembled into a similarity matrix, normalized with the min-max method, and clustered
by UPGMA."2°

Positively charged amino acids counting

Leveraging the protein structures, we computed the numbers of surface-exposed amino acids. Accessible surface areas (ASA)'*°
were calculated using the DSSP algorithm,'®" considering amino acids with a relative ASA greater than 0.25 as surface-exposed.
Positively charged amino acids were defined as arginine (R), histidine (H), and lysine (K).

Protein and RNA structure comparison

We used USalign (v20220626)*° for pairwise comparisons of protein structures and of RNA structures, separately. We also employed
the TM-score parameter to quantify structural similarity.*® Protein structure visualizations were performed using UCSF Chimera.>®
While TM-score is generally considered size-independent,”® we observed that guided structural comparisons yielded more precise
structural overlays for RNA. Specifically, although full protein structures were compared, we focused on substructure comparisons
when analyzing RNAs of TnpB and Type V CRISPR systems. Informed by RNA secondary structure predictions with mfold (v3.6),"'*?
we identified substructure breakpoints and chose substructures within ISDra2 TnpB that corresponded to crRNA, specifically en-
compassing portions of stem 4 and the pseudoknot (PK) region.

E. coli functional assays

PAM depletion assays

The p15a-based pEffector vectors were employed for the expression of candidate TranC proteins and non-coding RNAs, which were
constructed based on the p15a-pTac-dfncpf1 plasmid, generously provided by the Bian Wu lab at the Chinese Academy of Sciences
(CAS). As shown in Figure S3A, the pEffector vectors comprise Ptac-driven TranC and Pj23119-driven guide RNA expression cas-
settes. For CRISPR RNA, the RNA components included “repeat-spacer-repeat” mini-CRISPR arrays, along with the non-coding
region positioned between the TranC ORF and its adjacent proteins, potentially containing the tracrRNA sequence (Table S2).
The repeat sequences used here were derived from the first repeat located immediately downstream (3') of the protein-coding
sequence. For all Pj23119-driven reRNA expression cassettes, a 5’ HH ribozyme and a 3’ HDV ribozyme were included to ensure
reRNA maturation. The TranC protein sequences, which were codon-optimized for expression in E. coli, as well as their correspond-
ing guide RNA sequences, were commercially synthesized by Nanjing GenScript Biotech Co., Ltd., and Sangon Biotech (Shanghai)
Co., Ltd. For MICas12n and CgCas12n, the protein coding sequences were constructed based on the p15a_MICas12n and
p15a_CgCasi12n plasmids generously provided by the Quanjiang Ji lab at ShanghaiTech University. The corresponding guide
RNAs were adopted from previously reported mature CRISPR RNAs.“® Details of TranC coding sequences can be found in
Table S1. All these sequences were cloned into the pEffector vector using a ClonExpress |l One Step Cloning Kit (Vazyme Biotech).

The pMB1-based pTarget plasmid library was constructed, featuring five randomized nucleotides positioned immediately up-
stream of the GFP-T1 target sequence (5’-NNNNN-target, please refer to Table S2) and an AmpR expression cassette to confer
ampicillin antibiotic resistance. This construction followed a previously reported protocol with minor modifications.'** Forward
and reverse primers introducing the five “NNNNN” nucleotides were synthesized by BGl, Beijing. Subsequently, the pTarget plasmid
library was electroporated into E. coli DH5a cells already carrying the pEffector plasmid. The transformed cells underwent recovery in
SOC liquid medium for 30 minutes and were then plated on LB agar supplemented with kanamycin and ampicillin, incubated over-
night at 37°C. After harvesting the resulting colonies and extracting the plasmids (TIANGEN Biotech.), the regions containing random-
ized PAMs were amplified and subjected to deep sequencing (Novogene, Beijing). The analysis of deep sequencing data and the
identification of PAM sequences adhered to well-established protocols.”® In summary, the recognition of a specific five nucleotides
as a PAM triggered plasmid cleavage, resulting in the loss of ampicillin resistance and subsequent E. coli cell death. The loss of the
specific five nucleotides was subsequently discerned by analyzing the sequencing data. During PAM depletion analysis, TTAT PAMs
were excluded because an endogenous TnpB encoded in E. coli DH5a was computationally predicted to recognize similar PAM mo-
tifs, which could potentially confound the depletion results.

In total, the CRISPR RNA-guided activities of LaTranC, RuTranC, Clo1TranC, MiCas12n, MICas12n, CgCas12n, AnTranC, and
Eu1TranC were identified using PAM depletion assays. We employed two strategies to optimize the pEffector vector. In one
approach, the coding sequences of TranC members were incorporated into the Pj23119-driven expression cassette, as needed,
to avoid potential protein-RNA overlap that might result in incomplete tracrRNA. In another approach, an additional reverse-oriented
Pj23119 promoter was introduced downstream of the CRISPR loci, as needed, to enable bidirectional RNA expression. Despite
applying both optimization strategies, Clo2TranC and Eu2TranC showed no detectable CRISPR RNA-guided activity. For
Clo3TranC, competent cells were not successfully prepared in DH5a due to poor cell growth. All tested protein sequences are pro-
vided in Table S1, and the corresponding CRISPR loci with detailed optimization information are provided in Table S2.
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Small RNA sequencing

Small RNA sequencing was performed according to a previously reported protocol with minor modifications.®® Total RNA from E. coli
cells harboring pEffector plasmid was extracted using an EasyPure RNA Kit (TransGen Biotech Co.). Subsequent RNA purification
and dephosphorylation steps were carried out using DNase | (NEB), phenol/chloroform, and T4 polynucleotide kinase (NEB). lllumina
deep sequencing libraries were constructed according to the manufacturer’s instructions (Synbio Technologies. LLC). Sequenced
reads were subjected to quality control using Trimmomatic (v0.39)'** and then mapped to pEffector using Bowtie2 (v2.4.5).'%° We
utilized Samtools to compute the read depth. The number of reads initiating or terminating at each position (5’ and 3’ termini) was
used to infer RNA maturation sites. This inference was supported by predicted base-pairing interactions in the repeat-anti-repeat
region.

Plasmid DNA interference assay

As described in the PAM depletion assay, pTarget plasmids containing both a specific PAM and the GFP-T1 target sequence (desig-
nated as “T”, Target) or lacking both (designated as “NT”, Non-target) were electroporated into E. coli cells already containing the
pEffector vector. Transformed cells were allowed to recover in SOC medium for 30 minutes, followed by serial dilutions and plating on
LB agar supplemented with ampicillin and kanamycin, and incubated overnight at 37°C.

Cryo-EM experiments and data analyses

Purification of the LaTranC ribonucleoprotein

LaTranC-coding sequence was cloned to the protein purification vector pJJGLO01 (Addgene #: 180605) with the original cargo
removed (Table S1). T7 promoter and sgRNA were inserted into the pACYC184 vector (GenBank Accession #: X06403). These
two plasmids were co-transformed into Rosetta E. coli cells. The cells were cultured in TB medium supplemented with ampicillin
(100 pg/ml) and chloramphenicol (37 pg/ml) at 37°C until optical density (OD600) reached 1.0-1.2. Then, expression was induced
with 0.4 mM IPTG, and cells were grown overnight at 16°C. The cells were harvested by centrifugation and resuspended in lysis buffer
(20 mM HEPES pH 7.5 at 25°C, 500 mM NaCl, 10% (v/v) glycerol, 25 mM imidazole, 2 mM MgCl,) supplemented with 4 mM beta-
mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell suspension was lysed by sonication and centrifuged at
12,000 rpm for 60 minutes at 4°C. The supernatant was loaded onto the pre-equilibrated Ni-NTA (QIAGEN) agarose beads three
times. Then the resin was washed with 15 ml lysis buffer, 15 ml washing buffer (20 mM HEPES pH 7.5, 1 M NaCl, 10% (v/v) glycerol,
25 mM imidazole, 2 mM MgCl,), and 15 ml tag cleavage buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 10% (v/v) glycerol, 2 mM
MgCl,, 2 mM TCEP). The 10xHis tag was cleaved by TEV protease overnight at 4°C. The flow-through was applied to an anion-ex-
change column (Mono QTM 4.6/100 PE) and eluted using a gradient of NaCl concentration from 0.2 to 1.0 M. Fractions containing
LaTranC protein and sgRNA were collected, flash-frozen in liquid nitrogen and stored at -80°C. Peak fractions were pooled and
further purified by size-exclusion chromatography (Superdex increase 200 10/300 GL; GE Healthcare) gel filtration column equili-
brated with SEC buffer (20 mM HEPES, pH 7.5, 150 mM NacCl, 0.25% glycerol, 2 mM MgCl,, 1 mM TCEP, at 25°C). The RNP fractions
validated by polyacrylamide gel electrophoresis (PAGE) were aliquoted, flash-frozen in liquid nitrogen, and stored at -80°C for struc-
ture determination. The sequences of the LaTranC protein and sgRNA constructs are listed in Table S1 and Table S2, respectively.
Preparation of cryo-EM samples and data collection

The target dsDNA substrate used for cryo-EM samples was generated by annealing two oligonucleotides (sequences are provided in
Table S1). For the 6-nt match ternary complex, the ternary complex was assembled by mixing the purified LaTranC-sgRNA ribonu-
cleoprotein (RNP) complex with the dsDNA substrate at a molar ratio of 1:1.5 (RNP: dsDNA). The mixture was further purified after
incubation by size-exclusion chromatography using a Superdex 200 Increase 3.2/300 column (GE Healthcare) equilibrated in recon-
stitution buffer (20 mM HEPES pH 7.5 at 25°C, 150 mM NaCl, 0.25% glycerol, 1 mM TCEP). Peak fractions corresponding to the
ternary complex were collected, cross-linked with Bis (sulfosuccinimidyl) suberate sodium salt (BS3, Sigma-Aldrich), and used for
cryo-EM sample preparation. For the 27-nt match ternary complex, the complex was assembled in the same manner as described
above. However, following incubation with the dsDNA substrate, the mixture was directly applied to cryo-EM sample preparation
without further purification. LaTranC-sgRNA-dsDNA complex (~0.7 uM) was cross-linked with Bis (sulfosuccinimidyl) suberate so-
dium salt (BS3, Sigma-Aldrich) and applied to Quantifoil Au 1.2/1.3, 300 mesh graphene oxide grids, which were glow-discharged ina
Harrick Plasma for 15 s after a 2 min evacuation. Subsequently, grids were blot-dried with a pair of 55 mm filter papers (Ted Pella) for
3 s at 8°C and 100% humidity, followed by flash-freezing in liquid ethane using an FEI Vitrobot Mark IV. The same grid treatment was
applied to other cryo-EM samples. Cryo-EM data were acquired on a Titan Krios electron microscope operating at 300 kV, equipped
with a Gatan K3 direct electron detector featuring a Gatan Quantum energy filter. Micrographs were recorded in counting mode at a
nominal magnification of 105,000x or 81,000, resulting in physical pixel sizes of 0.8433 A or 1.0825 A. Defocus values were set
between -1.3 pm and -1.5 pm, and the total exposure time for each movie stack resulted in a total accumulated dose of 50 electrons
per A2 which was fractionated into 32 frames. Detailed data collection parameters can be found in Data S2.

Image processing and 3D reconstruction

Raw dose-fractionated image stacks were processed, including binning, alignment, dose-weighting, and summation, using Motion-
Cor2.'36 CTF estimation, particle picking, 2D reference-free classification, initial model generation, heterogeneous refinement, non-
uniform refinement, and local resolution estimation were performed using cryoSPARC."®” Particle picking was also conducted using
the topaz pipeline. Multiple rounds of 3D reference-based classification were carried out within RELION-3."%® Further details
regarding data processing can be found in Data S2.
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Model building and refinement

Manual model building of RNA and DNA structures was carried out in Coot,*° utilizing the refined cryo-EM density maps. Subse-
quently, complete models were refined against the EM maps in real space using Phenix,“° employing secondary structure and geo-
metric restraints. The final models underwent validation using Phenix. Comprehensive information on the structural validation of the
final models is also presented in Data S2.

Functional assays in human HEK293T cells

Construction of vectors in human cells

The CMV-driven pCMV-LaTranC plasmid was employed for the expression of LaTranC protein. A codon-optimized LaTranC variant,
featuring N-terminal and C-terminal nuclear localization signal (NLS) sequences tailored for human, was commercially synthesized by
Nanjing GenScript. This synthesized LaTranC fragment was introduced into a CMV-driven Cas9 expression vector'*" through Gibson
assembly, resulting in the generation of pCMV-LaTranC. For the expression of LaTranC sgRNA, the human U6-driven phU6-La-
TranC-sgRNA vector was utilized. The sgRNA scaffold sequence was commercially synthesized by Nanjing GenScript and subse-
quently cloned into the human U6-driven sgRNA expression vector'*? via Gibson assembly, yielding phU6-LaTranC-sgRNA. The
construction process of ISDra2 reRNA and artificial sgRNA were similar to LaTranC sgRNA, and an HDV ribozyme located at the
3’ end of the guide sequence was used for maturation, as previously described.’

Human cell culture and genome editing

HEK293T cells were cultured in DMEM medium (Invitrogen) supplemented with 10% FBS (Invitrogen) and maintained in a CO, incu-
bator at 37°C with 5% CO, (Thermo Fisher). Cells were routinely tested for mycoplasma contamination using the Mycoplasma Detec-
tion Kit (TransGen Biotech, China). Prior to transfection, cells were treated with TrypLE Express (Gibco). Approximately 4.5 x 10*
cells were seeded in 48-well plates, and 16 to 24 hours after seeding, when cells reached approximately 80% confluence, transfec-
tion was carried out. Transfection involved the use of 0.75 pl lipofectamine 2000 (Thermo Fisher Scientific) containing 750 ng LaTranC
plasmid DNA and 250 ng sgRNA plasmid DNA. Plasmids used for transfection were prepared using a PureYield™ Plasmid Miniprep
System (Promega). After a 72-hour incubation period, the culture medium was removed, and cells were washed with 1 x PBS
(Thermo Fisher). Genomic DNA was extracted using a Triumfi Mouse Tissue Direct PCR kit (Genes and Biotech Co., Ltd, Beijing).
Amplicon deep sequencing and data analysis

The targeted loci were amplified from genomic DNA and subjected to deep sequencing. Specifically, two rounds of PCR were per-
formed. In the first round, the target amplicon was amplified using 2 x Phanta Max Master Mix (Vazyme Biotech) with site-specific
primers (Table S2). In the second round of PCR, the index sequences were added for library construction.®®'**> All PCR products
were assessed by electrophoresis in 1.5% agarose gels. After two rounds of PCR, the final PCR products were purified using a
GenedJET Gel Extraction Kit (Thermo Fisher). DNA concentrations were measured using fluorometry (Qubit, Thermo Fisher) or spec-
trophotometry (NanoDrop 2000, Thermo Fisher) and subsequently sequenced according to the lllumina manufacturer’s protocol. The
amplicon deep sequencing data were further analyzed as previously described.®® Specifically, for each deep sequencing sample,
reads were first merged. The analysis window was defined as a 27-nt region covering the spacer. Eight-nt sequences immediately
upstream and downstream of this window were extracted as flanking index sequences. Only merged reads containing both flanking
index sequences were retained, and the intervening sequence within the analysis window was extracted and aligned to the reference
to identify indel mutations.

Arginine mutagenesis screen

To determine the mutation sites, we primarily considered structural conservation. Utilizing USalign,*® a 3D structural alignment was
conducted across known protein sequences of Cas12s, ISDra2 TnpB, and LaTranC. Considering the deep divergence of these ho-
mologs, we defined putative core regions as those shared across at least 30% homologs by following the previous work.'*® Sites
located within these regions were selected for mutagenesis. In addition to this strategy, we also took domain annotation and sec-
ondary structure information into account, prioritizing sites within critical domains (e.g., RuvC) or folded regions. A total of 353 sin-
gle-residue sites meeting these criteria were selected for mutagenesis (Table S2), and a pooled plasmid library of LaTranC single-
arginine mutants at these positions was synthesized commercially (Nanjing GenScript).

To obtain high-efficiency variants, a screening process was conducted in five rounds. In the first to fourth rounds, the post-
transfection incubation time was reduced to 24-48 hours. Before screening, the pooled plasmid library was transformed into
E. coli competent cells and plated on LB agar plates for overnight growth. To manage labor costs, pairs of colonies were mixed
and cultured in liquid LB medium overnight. Plasmids were then extracted from mixed samples and subsequently transformed into
HEK293T cells. Editing efficiencies at the VEGFA-TTC-T1 target site were evaluated using the aforementioned deep amplicon
sequencing.

In the initial screening round, we identified the top 10 high-efficiency samples, each with a pair of mutated plasmids, through PCR
amplification and Sanger sequencing of the corresponding genomic DNA. In total, 17 distinct mutations were identified. In the second
round of screening, pairs of these mutations were randomly combined, and the dual mutants with high editing efficiency were
selected for the next round of screening. In the third to fifth rounds, an additional mutation from the pool of 17 Arginine mutations
identified from the previous round and other rational selected mutations from putative core regions was introduced into the high-ef-
ficiency mutants. These mutations were introduced into the coding sequence of LaTranC using mismatch PCR. Despite encountering
various challenges, such as mismatch PCR failures, a total of 138 variants with three mutations, 57 variants with four mutations, and
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43 variants with five mutations were generated and tested. After completing five rounds of screening, the final eLaTranC variant with
five Arginine mutations was successfully identified.

The guide RNA interchangeability

Guide RNAs —including TranC CRISPR RNAs and TnpB-derived reRNAs —were synthesized by Nanjing GenScript. Their sequences
are listed in Table S2. The plasmids expressing these guide RNAs were generated by Gibson assembly.

QUANTIFICATION AND STATISTICAL ANALYSIS

All datasets were analyzed using GraphPad Prism 8 (GraphPad Software) for basic quantification and plotting. Statistical differences
were assessed using two-tailed Student’s t-tests, Mann-Whitney U tests, or Binomial tests, depending on the context.
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Figure S1. Three mining methods for identifying TranC candidates, related to Figure 1

(A) Heatmap showing sequence similarity among Cas12 and TnpB proteins. The dataset includes 50 TnpB and 114 Cas12 proteins, which served as references
for identifying TranC candidates. Based on pairwise sequence identity matrices, categories are listed on both axes, and color intensity represents identity levels
from 0% to 100%. Exact protein sequences are provided in Table S1.

(B) Motif distribution observed in TnpB and Cas12 proteins. Each subtype harbors at least one conserved motif. The protein sequences used in this analysis are
identical to those in (A).

(C and D) The number of TranC candidates identified by each of the three mining methods. (C) shows the number of candidates identified by each method, while
(D) presents their overlap in a Venn diagram. After applying the three mining methods and subsequent protein filtration (see STAR Methods), a total of 130 TranC
candidates were identified. These 130 proteins were then used as queries for a second-round tBLASTn search against the NCBI NT database, yielding 146 final
candidates. Each approach exhibited specific detection biases, as detailed in Data S1.1.
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Figure S2. Extended phylogenetic and gene organization analyses of TranCs, related to Figure 2

(A-C) Phylogenetic trees of three representative TranC clades. Members of the TranC group are shown in red, and members of the TnpB sister group are shown in
blue. The adjacent panels display annotations of their functional and evolutionary features: associated TnpA transposase types (Y1 or serine TnpA, labeled “Y1”
and “Ser”); linkage to Cas1/Cas2/Casé4 proteins; presence of catalytic residues in the RuvC domain (D, E, and D); proximity of CRISPR arrays within 5 kb
(“CRISPR array”) or located elsewhere on the same contig (“contig array”); preservation of transposon terminal sequences, including the left end (LE) and right
end (RE), which are color-scaled by sequence identity (“reservation of LE/RE”); protein copy numbers on the contig under two thresholds (“copy number (70%)”
and “copy number (95%)”); and co-occurrence of additional TnpB or Cas12 homologs on the same contig (“contig TnpB” and “contig Cas12”).

(D) Comparison of the overlap between protein-coding and guide RNA regions across the three TranC clades. Genomic regions encompassing TnpB loci lacking
CRISPR arrays and TranC loci containing CRISPR arrays were analyzed for potential RNA elements (Table S1). This scatterplot illustrates the positions of guide
RNAs relative to their corresponding proteins. Each data point represents the position of the 5’ end of either a reRNA or a tracrRNA. The last nucleotide of the stop
codon in the TnpB and TranC coding regions is defined as position “0” on the x axis for plotting purposes. The bars indicate the average lengths and positions of
reRNAs and tracrRNAs across different clades. Statistical significance was determined using the Mann-Whitney U test. p < 0.05 was considered statistically
significant. Data are presented as mean + SEM. n = 91 (clade 3 TnpB), 21 (clade 3 TranC), 131 (clade 8-Cas12n TnpB), 37 (clade 8-Cas12n TranC), 39 (clade 11
TnpB), and 22 (clade 11 TranC).
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Figure S3. Extended TranC E. coli PAM depletion and plasmid interference assays, as well as LaTranC engineering for enhancing editing
activity, related to Figure 3

(A) Schematic of the pEffector vector used in E. coli. The effector protein and various guide RNAs are heterologously expressed in E. coli. “Ptac” and “Pj23119”
denote two commonly used E. coli promoters. The gray box marks the sequence potentially encoding the tracrRNA, including the native flanking regions of the
TranC ORF (see Table S1).

(B-F) Extended results of E. coli PAM depletion and plasmid interference assays used to investigate the crRNA- and reRNA-guided dsDNA nuclease activity of
TranCs from clade 8-Cas12n (B-D) and clade 11 (E-F). The sequences of reRNA scaffold were designed with 1 or 2 nt extension at the 3’ terminus (termed
“reRNA-1” and “reRNA-2"). (E) and (F) present the results for clade 11 reRNAs with +1 and +2 nucleotide scaffold extensions at the 3’ end, providing expanded
data corresponding to Figure 3D. Clade 11 served as a positive control for validating the 3’ end of the reRNA scaffold prediction because the same computational
method was applied to predict the reRNA termini for both clade 8-Cas12n and clade 11. The results confirmed the accuracy of our 3’ end assignment: only the
unextended reRNA scaffolds revealed the genuine PAM sequences (Figure 3D), whereas reRNA scaffolds carrying artificial 3’ extensions displayed PAM se-
quences shifted by the added nucleotides. A detailed schematic illustrating the rationale and design of the reRNA scaffold extension strategy is provided in Data
S1.18. “T” and “NT” represent the pTarget plasmid with or without a target site, respectively. The PAM sequences depleted by more than 10-fold were used to
generate a WebLogo. All related guide RNA sequences are listed in Table S2.

(G and H) Detailed fold changes in PAM depletion assays for two TranC proteins guided by different reRNAs. These two panels and Figure 3E expand upon the
data presented in Figure 3D (the result of LaTranC + ISDra2 reRNA is also shown in Figure 3E). For instance, LaTranC guided by ISDra2 reRNA (G) and Eu1TranC
guided by Ana1 reRNA (H) demonstrated robust PAM depletion, with specific PAMs exhibiting > 10-fold changes compared with the control PAM library. By
contrast, LaTranC guided by Fus, Lim, and Tet reRNAs (G) and Eu1TranC guided by Cbt1 reRNA (H) exhibited limited PAM depletion, with no specific PAMs
showing > 10-fold depletion. Nevertheless, they revealed conserved PAM motifs consistent with those detected in crRNA-guided activity. For these groups,
PAMs depleted by >1.5-fold were used to generate the WebLogo in Figure 3D.

(I) Schematic overview of LaTranC optimization through arginine mutagenesis screening in HEK293T cells.

(J) A heatmap representing the editing efficiencies of LaTranC variants across five rounds of screening. n = 1 for the first round, and n = 3 for rounds two through
five. All experiments were conducted at the endogenous VEGFA-TTC-T1 site with 5'-TTC PAM in HEK293T cells.

(K) Comparison of the editing efficiencies between wild-type LaTranC and the engineered variant (eLaTranC) at four endogenous target sites with 5'-TTC PAM in
HEK293T cells (n = 3, mean + SEM).
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Figure S5. Target DNA recognition features of LaTranC and extended structural comparison data of LaTranC, TnpB, and Cas12 proteins,
related to Figure 4

(A-C) Schematic representation (A), atomic model (B), and close-up view of the density (C) of the PAM region and surrounding residues involved in LaTranC-
mediated DNA recognition. NTS, non-target strand. TS, target strand.

(D) Structural comparison of TAM recognition by TnpB and PAM recognition by LaTranC and other type V CRISPR systems.

(legend continued on next page)
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(E) Localization of three conserved motifs identified in Figure 1B within the LaTranC structure. Catalytic residues (D253, E381, and D464) are labeled. The first and
third residues are situated in the first and third motifs, respectively, while the second residue is not located within the three conserved motifs.

(F) Comparative analysis between ISDra2 TnpB and representative Cas12s, expanding upon Figure 4F.

(G) Visualization of the positively charged surface in the cryo-EM structures of TnpB, LaTranC, and Cas12 proteins.

(H) Distribution of positively charged residues on the surface across different protein groups.
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(D and E) Comparison of editing efficiencies of eLaTranC utilizing different sgRNA versions. In (D), six truncated sgRNAs, as well as separate expression of
tracrRNA and crRNA using two human U6 promoters (hU6), are colored as in Figure 5A. The editing activities of eLaTranC guided by these seven guide RNAs were
compared with that of the wild-type sgRNA. (E) Shows the editing efficiencies of sgRNA-v5 and its truncated-spacer variants. All experiments were conducted at
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the endogenous VEGFA-TTC-T1 site with 5'-TTC PAM in HEK293T cells. Data are presented as mean + SEM (n = 3), and statistical significance was evaluated
using the Student’s t test (p < 0.05*, < 0.01**).

(F) Schematic of the LaTranC sgRNA-v5 with 20-nt spacer.

(G) Cryo-EM map showing a flexible non-target strand interaction region in sgRNA stem 3 (left) and two predicted secondary structures (right). NTS, non-target
strand. Note that the focal region is largely unresolved, possibly due to the existence of multiple states.
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Figure S7. The guide RNA structure characteristics of clade 8 and clade 11, related to Figure 5

(A) Structures of covariance-folded reRNAs and tracrRNA-crRNA hybrids from TranC clades 8 and 11. For crRNAs, the tracrRNA and crRNA (excluding the
spacer) regions are colored in blue and purple, respectively.

(B and C) Homology analysis using RNA covariance models. (B) Presents a schematic overview of the homology analysis between reRNAs from TnpB loci and
crRNAs (tracrRNA-crRNA hybrids) from TranC loci based on RNA covariance models. Genomic regions encompassing TnpB loci lacking CRISPR arrays and
TranC loci containing CRISPR arrays were analyzed for potential RNA elements (Table S1). Four RNA covariance models were constructed from sequences of
clades 8-Cas12n and 11, and each was applied using the CMsearch program (E value < 1e7%, Infernal suite) to search TnpB and TranC loci from these two clades.
The results of these searches are summarized in (C). Strong intra-clade similarity was observed among reRNAs and crRNAs, as models built from either crRNAs or
reRNAs could successfully identify TnpB and TranC loci within the same clade. For example, the clade 8 crRNA model detected 37 out of 39 (94.9%) TranC loci
and 126 out of 131 (96.2%) TnpB loci within clade 8-Cas12n but failed to detect any loci from clade 11. Similarly, the clade 11 RNA models showed strong
homology within clade 11 but not across clades.

(D) Predicted secondary structures of guide RNAs from representative TranC members and specific sister TnpBs. RNA stems are color-coded within each
structure, and PK regions are highlighted in blue boxes, consistently located in stem 1 and at the 3’ terminus of all guide RNA molecules.

(E and F) Schematic models illustrating the functional splitting of guide RNAs in clade 8-Cas12n (E) and clade 11 (F) TranCs.
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