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Abstract

RNA-guided endonucleases form the crux of diverse biological processes and technologies, including adaptive immunity, transposition, and
genome editing. Some of these enzymes are components of insertion sequences (IS) in the 1IS200/1S605 and 1IS607 transposon families. Both IS
families encode a TnpA transposase and a TnpB nuclease, an RNA-guided enzyme ancestral to CRISPR-Cas12s. In eukaryotes, TnpB homologs
occur as two distinct types, Fanzorls and Fanzor2s. We analyzed the evolutionary relationships between prokaryotic TnpBs and eukaryotic
Fanzors, which revealed that both Fanzor1s and Fanzor2s stem from a single lineage of IS607 TnpBs with unusual active site arrangement.
The widespread nature of Fanzors implies that the properties of this particular lineage of IS607 TnpBs were particularly suited to adaptation in
eukaryotes. Biochemical analysis of an IS607 TnpB and Fanzor1s revealed common strategies employed by TnpBs and Fanzors to co-evolve with
their cognate transposases. Collectively, our results provide a new model of sequential evolution from IS607 TnpBs to Fanzor2s, and Fanzor2s to
Fanzor1s that details how genes of prokaryotic origin evolve to give rise to new protein families in eukaryotes.
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Introduction

Transposons in 1S200/605 and IS607 families occur widely
in prokaryotes. Both families encode proteins TnpA and
TnpB, as well as a non-coding RNA called right-end RNA
(reRNA) or wRNA (Figure 1A) (1,2). Despite these shared fea-
tures, the TnpA transposases of the two families are unrelated
(Figure 1A).1S200/60S5 transposons encode a Y1-transposase
(TnpAY') of the HUH enzyme superfamily that mediates
‘peel-and-paste’ transposition of single stranded DNA (3).
In contrast, IS607 transposons encode a serine recombinase
(TnpAS") that inserts double-stranded DNA into short dinu-
cleotide motifs (4,5). Nevertheless, the two families of trans-
posons share the TnpB gene, the ancestor of type V CRISPR
nucleases (Cas12). Analogous to Cas12 and its CRISPR RNA,
TnpB and its reRNA mediates RNA-guided DNA target
recognition and cleavage (Figure 1B) (1,2).

Unlike Casl12s, the prevalence of TnpB-family homologs
extends beyond prokaryotes (3,6,7). TnpBs share homology
with eukaryotic Fanzor proteins found in metazoans, fungi
and protists, as well as giant eukaryotic viruses (8). Like
TnpBs, Fanzors occur within transposons (Figure 1A). How-
ever, unlike TnpBs, Fanzors are associated with a wide range
of transposon families (Figure 1A) (7,8). Although represen-
tative Fanzor proteins have recently been shown to be RNA-
guided DNA endonucleases (Figure 1B) (6,7), little is known
about their biological function or evolutionary origins.

Fanzor proteins are categorized into two types: Fanzor2s
that closely resemble TnpBs and occur in IS607 transposons,
and Fanzorls that are divergent from TnpBs and found in
various eukaryotic transposon families (7,8). Transposases as-
sociated with Fanzorls include, but are not limited to, DDE
transposases such as hAT or Mariners, Crypton tyrosine-
recombinases, and Helitron HUH transposases (7,8). How
Fanzors evolved from TnpBs to become widespread and diver-
gent in eukaryotes is poorly understood, although horizontal
gene transfer (HGT) has been implicated (6-9).

Here, we show that an unusual group of TnpBs with derived
nuclease active site signatures gave rise to Fanzors. Phyloge-
netic analysis reveals that Fanzors represent a single lineage
of proteins originating from a narrow clade of prokaryotic
TnpBs. We report IS607 TnpBs primarily found in cyanobac-
teria as the putative ancestors of Fanzors, and also identify
evolutionary intermediates between Fanzorls and Fanzor2s
that bridge their gap. Functional and comparative analysis of
IS607 TnpB reRNA and Fanzor reRNA suggest that TnpBs
and Fanzors use similar strategies to co-evolve with new trans-
posases. Collectively, our results provide a model that explains
how prokaryotic TnpBs evolved and diversified in eukaryotes
to become Fanzors. These findings suggest that beyond the
ability to catalyze RNA-guided DNA cutting, only one nar-
row and unique clade of TnpB-family homologs have proper-
ties that enabled adaptation in eukaryotic systems.

Materials and methods

Metagenomic mining of TnpB-family homologs

The ggKbase platform (https://ggkbase.berkeley.edu/) is a
combination of analysis tools for metagenomic datasets.
All the protein sequences contained in the database were
queried against the Pfam HMM databases of the three TnpB
domains: ‘OrfB_IS605" (pfam01385), ‘HTH_OrfB_IS605’
(pfam12323), ‘OrfB_Zn_ribbon’ (pfam07282) using hmm-
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search (HMMER 3.3 (Nov 2019)) with the parameter of ‘-
cut_nc’ (10,11). Hits to at least one of three domains were
identified as TnpB-family homologs. A total of >140 000
TnpB candidates with a length range of 350-550aa was iden-
tified. This master set was further reduced by clustering based
on pairwise sequence similarity using MMSeqs2 (12), from
which we selected 1078 representative sequences for further
analysis (Supplementary Table S1).

Bioinformatic identification of Fanzor proteins and
curation of Fanzor dataset

Non-redundant eukaryotic protein sequences were down-
loaded from NCBI (November 2022), resulting in 96 197 316
unique sequences. To find putative Fanzor proteins, three
HMM models were employed. First, an HMM of the
‘OrfB_Zn_ribbon’ (pfam07282) domain was used to search
the downloaded set of eukaryotic protein sequences using
hmmsearch (HMMER 3.3 (November 2019)) (10). To filter
these hits further we built HMMs on two conserved sub-
regions of the RuvC domain (RuvC 2 and 3). HMMs of these
sub-regions were built by aligning 69 seemingly intact Fanzor
sequences (8) that were manually selected based on ColabFold
structural prediction (13). Two conserved regions correspond-
ing to RuvC2 and 3 subdomains were manually identified in
the alignment passed to hmmbuild (HMMER 3.3 (Novem-
ber 2019)) (10). Sequences that matched the OrfB_Zn_ribbon
domain were subsequently searched against the two HMM:s
(RuvC2 and RuvC3) using hmmsearch. Sequences that con-
tained hits against both of these domains were considered pu-
tative Fanzors. Next, we extracted the OrfB_Zn_ribbon do-
main as well as the RuvC2 and 3 subdomains from the hits
using hmmalign (HMMER 3.3 (November 2019)) (10). The
extracted regions were used to augment the original align-
ments of the OrfB_Zn_ribbon and the two RuvC sub-regions
by adding new hits to the original alignment using hmma-
lign. The new alignment was then used to build a new profile
HMM using default hmmbuild parameters. New HMMs were
built from these augmented alignments and another round of
search was conducted as described above. We continued this
process for a total of five rounds, which yielded ~2500 puta-
tive Fanzor sequences (Supplementary Table S2). We next re-
aligned these sequences using ClustalW (14), and filtered for
sequences that failed to align at highly conserved residues. We
next identified sequence clusters with CLANS (15), and fur-
ther enriched for hits using BLASTp (16). Finally, the accu-
mulated Fanzor sequences were submitted to ColabFold (13),
and the resulting models that appeared to be structurally in-
tact (had complete wedge domain assembly and intact RuvC
(32)) were selected as the set of ~350 different Fanzors used
for phylogenetic and structural analyses (Supplementary Ta-

ble S3).

Analysis of Fanzor2 hits with the canonical RuvC
architecture

Previous studies (6,7) have reported select Fanzor2 sequences
that lack the derived RuvC2 feature found in Fanzors. These
sequences instead have a typical RuvC2 organization found in
most TnpBs. In our mining of Fanzor proteins, we also recov-
ered such hits. To assess the possibility that these sequences
are not actually Fanzor sequences (and of non-eukaryotic ori-
gin) we combined our hits with those reported in (6), fil-
tered for structurally intact proteins via structural prediction,
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Figure 1. Fanzors and a unique clade of TnpBs share unusual active site signatures. (A) Depiction of loci architecture of Fanzor and TnpB containing
transposons. LE and RE correspond to left-end and right-end transposon boundaries. The transposon associated motif (TAM) and guide region are
highlighted in orange and red, respectively. (B) lllustration of Fanzor/TnpB complexed with their right-end RNAs (reRNAs) restricting DNA.
Fanzors/TnpBs recognize DNA containing both a TAM and sequence complementarity to the guide region of the reRNA. (C) Fanzors and TnpBs with
RuvC (blue) and Zinc-Finger (grey) domain annotations. Red ticks indicate locations of D-E-D RuvC triad residues. Fanzors and TnpBs are differentiated by
the DPG and D®G, and E,; and Ec,, signatures in the RuvC domain, respectively. Multiple Sequence Alignment encompassing RuvC and Zinc-Finger
domains of Fanzors and TnpBs is shown. (D) Maximum likelihood tree of TnpBs and Fanzors annotated by the RuvC features. See legend for the
annotations depicted in the track indicated below. (E) Pie charts detailing phyla and IS family classification of the prokaryotic group of TnpBs closely

related to Fanzor2s (pro-Fanzors) in (D).

and took neighboring ORFs adjacent to the putative Fan-
zors as BLASTp queries on NCBI using default parameters
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) (17). Following that,
the fraction of BLASTp subjects that belong to prokaryotes
or associated bacteriophages was quantified. For nearly all in-
stances of the resulting subjects, BLASTp returned a predom-
inant fraction of sequences annotated with non-eukaryotic
taxons. In addition, a large fraction of contigs were shorter
than 10 kb, which suggested low accuracy of taxonomic an-
notation. Results of this analysis are summarized in Supple-
mentary Table S4.

Phylogenetic analysis of TnpBs/Fanzors

To generate the phylogenetic trees, we began by using MM-
Seq2s (12) to generate a reduced set of sequences to be aligned
using ClustalW (14). Sequences that were poorly aligned at
the RuvC subdomains were discarded. Following filtering, re-
gions corresponding to the RuvC domain of TnpBs/Fanzors
were extracted. Poorly aligned columns from this alignment
were filtered using TrimAl (-gt 0.9) (18). This highly stringent
method removed gapped regions caused by insertions expe-
rienced in Fanzorls, and retained only the most conserved
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regions in the RuvC domain. Based on DALI pairwise struc-
tural comparisons (http://ekhidna2.biocenter.helsinki.fi/dali/),
the resulting alignment only included regions structurally con-
served between TnpBs and Fanzors (19). Approximately max-
imum likelihood phylogenetic trees were generated using Fast-
Tree with default parameters (20). For all trees shown in the
study, both JTT and WAG models yielded consistent topolo-
gies, which we also found to be consistent across different sets
of sequences and alignments. Finally, to generate representa-
tive trees in the main figure panel, we used Treemmer to reduce
the number of leaves to 250 (21). The resulting tree was im-
ported to Interactive Tree of Life (iTOL) for annotation (22).

Identification and classification of Fanzor related
TnpB sequences in prokaryotes

The Max Planck Institute Bioinformatic Toolkit (MPI)
PatternSearch tool (https://toolkit.tuebingen.mpg.de/tools/
patsearch) was used to identify TnpB sequences on NCBI
NR that shared RuvC1/2 sequence features with Fanzors
(23). nr_bac, nr_arc and nr_euk were searched against us-
ing the following Regular Expressions (RegEx) as queries:
DPGx(120160)ExxxxxxCxxCx(12,18)CxxCx(4,8)D and
D{P}Gx(120160)ExxxxxxCxxCx(12,18)CxxCx(4,8)D. The
first RegEx captures sequences with a DPG motif, followed
by a E positioned six residues away from the first CxxC
Zinc-Finger motif that is followed by a D residue four to
eight residues away. This RegEx effectively identifies TnpBs
with a DPG motif at RuvC1 that has the rearranged RuvC2
catalytic glutamate residue positioning. The second RegEx
is similar to the first, except the DPG motif requirement
was replaced by a D{P}G motif, where {P} corresponds to
any amino acid but P. We opted to use RegEx over HMM
searches for this search as HMMs were too inclusive and were
unable to selectively identify TnpB sequences with specific
RuvC features. We further filtered these proteins using NCBI
Batch CD tool (https://www.ncbi.nlm.nih.gov/Structure/
bwrpsb/bwrpsb.cgi) at default parameters, retaining only
hits to *guided_TnpB’ (NF040570), *guided_TnpB superfam-
ily’ (cl45887), "HTH_OrfB_IS605 superfamily’ (cl13722),
’OrfB_Zn_ribbon’ (pfam07282), *OrfB_Zn_ribbon super-
family’ (cl37560), ’InsQ superfamily’ (cl34004), ’InsQ’
(COG0675), ’IS200_TnpB’ (NF038281), ’1S200_TnpB’
superfamily  (cl45733), ’OrfB_IS605>  (pfam01385),
’OrfB_IS605” superfamily (cl44414). Overall, this search
method recovered 3552 sequences (Supplementary Table S5).

To further annotate the RegEx identified TnpB/Fanzor
candidates as being either 1S200/605- or 1S607-associated,
we extracted the amino acid sequences of the immediately
neighboring genes based on their NCBI accession ID using
a custom Python script. We then examined their PFAMs
using NCBI Batch CD tool to determine whether they en-
coded for IS200/605 or 1S607 TnpAs (24). Specifically, we
filtered for 1S200/605 hits using “Y1_Tnp’ (pfam01797),
Y1_Tnp_superfamily’  (cl00848) and transpos_IS200
(NF033573), and 1S607 hits wusing ‘transpos_IS607’
(NF033518), ‘transpos_IS607  superfamily’ (cl41297),
‘Resolvase’ (cl02788), and ‘Recombinase’ (cl06512). The
transposase association was used to assign TnpBs into
1S200/605 or 1S607 families. TnpBs lacking a TnpA partner
were not further categorized. This information was used to
annotate Supplementary Table S5, and used to generate the
pie charts shown in Figure 1E.
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Identification and analysis of prokaryotic
Fanzor1-like sequences

We used the MPT HMMER tool (https://toolkit.tuebingen.
mpg.de/tools/hmmer) to identify prokaryotic Fanzor1-like se-
quences (23). Using an alignment of curated Fanzorl se-
quences generated using ClustalW (14) as the query against
euk_nr, we found that an e-value cut-off of e-10 selectively
retained Fanzorls, but not Fanzor2s. We therefore searched
against both nr_arc and nr_bac using an e-value cut-off
of e-10. Resulting hits were further enriched through PSI-
BLAST searches conducted using NCBI’s webportal (https:
//blast.ncbi.nlm.nih.gov/Blast.cgi) (17). The search taxa was
limited to "bacteria", and default parameters were used. In
each round, only hits larger than 500aa were retained. Fi-
nally, this list was cross referenced to previously published
prokaryotic Fanzorl-like sequences (6), which resulted in a
total of 29 prokaryotic Fanzorl-like sequences. We assessed
the validity of the taxonomic assignment of these sequences
by manually examining their encoding contigs. To this end,
we used BLASTp searches with default parameters and used
genes neighboring the Fanzorl-like sequences (2 genes up-
stream and downstream) as queries (16). For every query,
we computed the number of prokaryotic and eukaryotic se-
quences, which we report in Supplementary Table S6.

Co-conservation analysis of TnpA and TnpB/Fanzor
pairs

For the co-conservation analysis of TnpA and TnpB/Fanzor2
pairs, TnpBs annotated as IS607-associated were parsed from
the ISFinder database, and pooled with 1) TnpBs that shared
RuvC1 and 2 features with Fanzors (pro-Fanzors), and 2) Fan-
zor2s parsed from the ggKbase and NCBI. A total of 197
TnpBs/pro-Fanzors/Fanzor2s having TnpA co-encoded in the
transposon were selected, and organized into clusters using
CLANS (15). TnpBs and Fanzors in four CLANS clusters
proximal to ISXfal and Fanzor2s were selected for further
analysis (a total of 158), together with their associated 1S607
TnpA. MSA was performed on sets of TnpB/Fanzors and sep-
arately on TnpA with ClustalW (14), and the values corre-
sponding to (i) TnpA-TnpA and (ii) TnpB-TnpB (Fanzor2-
Fanzor2) similarity in the two ‘% identity’ matrices were ob-
tained. These were used to plot the sequence identity his-
togram of pairs of TnpA and TnpB/Fanzor between two dis-
tinct transposable elements (i1 and i2) in MATLAB.

Manual transposon curation

DNA-sequences of the Fanzor-encoding transposon and flank-
ing sequences (typically 2kb upstream and downstream of
the TnpB) were extracted and searched against their re-
spective genome assemblies, or different genome assemblies
of the same organism, using blastn with default param-
eters. BLAST-hits showing high query coverage (>50%)
were extended by 2 kb on each end to capture flanking
sequences, and then aligned to the query using MAUVE
whole genome alignment to identify transposon boundaries
and associated features (Geneious 2023.0.1 (https://www.
geneious.com)) (16,25). This analysis revealed that Fanzor2-
encoding elements from Chloropicon primus and various mol-
lusc species including Mya arenaria, Spisula solida, Merce-
naria mercenaria and Batillaria attramentaria included clear
target site duplications and (degenerate) terminal inverted re-
peats.
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E. coli transposon-associated motif (TAM)
depletion assay

ISXfal TnpB and reRNA encoding region of the locus was
synthesized (Twist Biosciences) and cloned into a vector (Cam
resistance) under the control of a single tetracycline-inducible
promoter (TetR/pTet) using Golden Gate Assembly. This plas-
mid was then used for the E. coli TAM depletion assays, and
small RNA sequencing. Alternatively, the ISXfal TnpB and
its reRNA were individually Golden Gate cloned into a vec-
tor under two different promoters (TetR/pTet for TnpB and
pJ23119 for reRNA) and used E. coli plasmid interference as-
says. The 3’-end of the reRNA were flanked by a HDV ri-
bozyme and the guide region was kept as 20-nt. The target
sites with different TAM sequences were Golden Gate cloned
into a target plasmid with Amp/Carb resistance.

Electrocompetent E.coli DH10p competent cells harboring
the TAM library plasmid (Amp/Carb resistance) with six ran-
domized nucleotides (6N) flanking the target site were pre-
pared as follows. The randomized regions were introduced
by PCR from a target plasmid and then Golden Gate ligated.
The Golden Gate products were then transformed into elec-
trocompetent E. coli DH10p competent cells (NEB) using 0.1
mm electroporation cuvettes (Bio-Rad) on a Micropulser elec-
troporator (Bio-Rad). The cells were plated on Luria-Bertani
(LB)-Agar plates containing ampicillin (100 pg/ml). Over
100 000 colonies were scraped to ensure appropriate cover-
age of all possible combinations of the randomized TAM re-
gion. The cells were then inoculated 1:100 into a 11 LB culture
with ampicillin (100 pg/ml) at 37°C to ODgpp = 0.6. The cells
were then cooled to 4°C, pelleted, and sufficiently washed by
ice-cold water and 10% glycerol. The pellets were then resus-
pended in 2 ml 10% glycerol, aliquoted into 50 pl, and stored
in -80°C.

These TAM library containing competent cells were then
thawed and transformed with 100 ng of the pSingle (Cam re-
sistance) using 0.1 mm electroporation cuvettes (Bio-Rad) on
a Micropulser electroporator (Bio-Rad). The cells were recov-
ered in 1 ml LB culture at 37°C for one hour. After recovery,
the culture was inoculated 1:100 into 3 ml LB culture contain-
ing chloramphenicol (34 ng/ml) and carbenicillin (100 pg/ml;
equivalent to Amp). ISXfal expression was induced with 200
nM aTc at 26°C for 24 h. The plasmids that had been propa-
gated were then isolated using the QIAgen Miniprep Kit (Qi-
agen). Preferentially depleted TAM motifs were identified us-
ing amplicon sequencing of the TAM library plasmid. The li-
brary was sequenced on an Illumina NovaSeq by The High-
Throughput Sequencing Core in the UCLA Broad Stem Cell
Research Center, with paired-end 150bp run configuration
and an average depth of 500 000 reads per sample. TAM pref-
erences were characterized from FASTQ files using a custom
Python script. Briefly, six-nucleotide TAMs were extracted and
counted. TAM frequencies were then normalized to the se-
quencing depth of each sample. Sequence logos were gener-
ated with Logomaker (version 0.8) using TAMs with a log;
fold-change of five or greater relative to the original plasmid
library (26).

E. coli plasmid interference assays

Electrocompetent E. coli DH10B cells were double-
transformed with 100 ng of ISXfal TnpB and reRNA encod-
ing plasmids (Cam resistance) and 100 ng of a target plasmid
(Amp/Carb resistance) using 0.1 mm electroporation cuvettes
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(Bio-Rad) on a Micropulser electroporator (Bio-Rad). The
cells were recovered in 1 ml LB culture at 37°C for 1 h. After
recovery, 5-fold dilution series of the recovery culture were
prepared and 5 ul of the dilution were spot-plated on double-
antibiotic plates (LB-Agar with 34 pg/ml chloramphenicol,
100 pg/ml carbenicillin, and 2 nM anhydrotetracycline) as
well as single-antibiotic control plates (LB-Agar plate with
34 pug/ml chloramphenicol and 2 nM anhydrotetracycline).
For plates with no visible colonies, 400 pl of the 1 ml
recovery culture were all plated on the double antibiotic
plate for improving detection limit. The plasmid interference
efficiency was quantified by the normalized colony-forming
units (Norm. CFU) which represents the CFU on the double-
antibiotic plate (carbenicillin/chloramphenicol) divided by
the CFU on the single-antibiotic control plate (chlorampheni-
col).

E. coli reRNA expression

The plasmid containing the native sequence of ISXfal TnpB
and reRNA under the control of a single tetracycline-inducible
promoter (TetR/pTet) was transformed into E.coli DHSw
competent cells (Thermo Fisher Scientific). A single colony
was picked and inoculated in 3 ml LB culture with chloram-
phenicol (34 pg/ml) and carbenicillin (100 pg/ml) in 37°C
overnight as starting culture. The starting culture was then in-
oculated 1:100 in 3 ml LB culture with chloramphenicol (34
pg/ml), carbenicillin (100 pg/ml) and anhydrotetracycline
(200 nM) to induce the RNA expression. Once the ODggg
reached 1.0, 400 ul of the cells were taken and mixed with
800 ul of RNAprotect Bacteria Reagent (QIAgen). After 15
min, the cells were pelleted by centrifuge, and stored in —80°C
after removing all the supernatant until RNA-extraction (See
Small RNA sequencing section below for details).

RNA structure prediction

The secondary structures of reRNA were predicted by
RNAfold WebServer with default parameters (http://rna.tbi.
univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) (27). The
putative pseudoknot (PK) interactions were manually anno-
tated on the secondary structures, assuming similar interac-
tions formed as in ISDra2 TnpB between five nucleotides
flanking the guide region and the apical loop region in Stem—
Loop 1 (or Triplex-Loop in ISDra2 TnpB).

Insect cell experiments

Expi-Sf9 (GIBCO) cells were cultured in Expi-CD medium
(GIBCO) in Polycarbonate Erlenmeyer Flasks with a vent cap
(Corning). Cultures were kept in a shaking incubator (New
Brunswick) at 26°C and 100 RPM with a 50mm shaking di-
ameter. Cells were maintained at densities between 5 x 10°
and 5 x 10°, with the volume of the liquid culture remain-
ing below 1/5th of the total volume of the flask. Cell viability
and density were measured using Trypan-Blue (GIBCO) on a
CytoSMART Cell Counter (Corning).

Bacmids were generated by cloning in DNA fragments
into a pFASTBAC vector through PCR amplification of the
vector and insertion of synthesized gene-fragments (Twist
Biosciences) via Golden Gate Assembly, using DH5a cells
(ZYMO) and transforming the cloned plasmids into MAX
EFFICIENCY DH10BAC (GIBCO) or EmBacY (Geneva
Biotech) E. coli strains following manufacture protocols.
Chemically-transformed cells were allowed to recover for 4
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h in 2XYT media, and plated on LB-Agar plates contain-
ing kanamycin (50 pg/ml), gentamicin (7 ug/ml), tetracycline
(10 pg/ml), IPTG (40 pg/ml) and X-gal (100 pg/ml). After
48 h at 37 C, large white colonies were picked and cultured
in liquid culture containing kanamycin (50 pg/ml), gentam-
icin (7 pg/ml), tetracycline (10 pg/ml). Bacmids were pu-
rified by lysing E. coli using the ZymoPURE Miniprep kit
(ZYMO), followed by ethanol precipitation for isolation of
bacmid DNA. Transgene insertion into the bacmid was con-
firmed via PCR using M13 reverse primer and a primer bind-
ing to the transgene.

12.5 ug of freshly prepared bacmid was transfected into a
25 ml culture containing 62.5 x 10® Expi-Sf9 cells using Expi-
Fectamine™ Sf Transfection Reagent following manufacturer
instructions (GIBCO). Supernatant containing PO baculovirus
was harvested 3 days post-infection by using centrifugation
to separate from cells, and titered using the baculovirus titer-
ing kit (Expression Systems) and Attune NxT Flow Cytometer
with an autosampler. PO virus was used directly to infect a 25
ml culture with 5 x 10° Expi-SF9 cells at an MOI of 5. Cells
were harvested 3 days post-infection for downstream analysis.

Small RNA sequencing

Total RNA was extracted using a one-step hot formamide ex-
traction method for all samples, where cells are incubated in
a 18 mM EDTA and 95% formamide solution at 65°C for
5 min (28). Cell debris was removed by centrifugation, and
2 volumes of RNA binding buffer (ZYMO) was added to
each volume of RNA sample. 1 volume of ethanol was then
added to the mixture, and loaded to a Zymo-Spin IIC col-
umn. Following on-column DNAse treatment, total RNA was
eluted using water. ~200 ng of total RNA was used for rRNA
depletion reactions using NEBNext rRNA kit (bacteria) fol-
lowing manufacturer protocols. For eukaryotic samples, cus-
tom probes designed using NEBNext Custom rRNA deple-
tion tool were used. The rRNA-depleted RNA was purified
using a Zymo-Spin IIC column, treated with T4 PNK using T4
PNK buffer (NEB) at 37°C for 30 min before spiking in ATP
and further incubating. Further end treatment was performed
using mRNA Decapping Enzyme (NEB) pre-mixed with its
buffer directly into the PNK reaction and incubating at 37°C
for 30 min. End-repaired RNA was purified using a Zymo-
Spin IIC column, and used for Collibri small-RNA-seq li-
brary preparation reactions following manufacturer protocols
(INVITROGEN). The resulting NGS adapter ligated cDNA
was then amplified with KAPA HiFi HotStart ReadyMix us-
ing NGS indexing primers for 25 cycles (ROCHE). Ampli-
fied DNA fragments between 150-500nt were size selected by
gel extraction purification following gel-electrophoresis in a
4% SYBR-GOLD E-GEL. Before loading into the MiSeq plat-
form for sequencing (150 bp paired-end reads), library con-
centrations were quantified using KAPA-QUANT ¢PCR kit
(ROCHE). The paired-end reads were merged using BBMerge
using a normal merge rate and then mapped onto the TnpB
or Fanzor containing locus using Geneious mapper at Low
Sensitivity to identify reRNA boundaries (Geneious 2023.0.1
(https://www.geneious.com)).

Rearing and virus infection of S. frugiperda larvae

Insect hemolymph containing budded Spodoptera frugiperda
ascovirus la (SfAV) vesicles was received as a generous
gift from Brian Federici (University of California, Merced).
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Spodoptera frugiperda larvae were grown on an artificial
diet (Benzon Research) at room-temperature until third-instar
stage, when they were pricked with a needle contaminated
with SfAV containing hemolymph. Five days post treatment,
infected larvae with opaque hemolymph were selected for
RNA isolation. For in vivo protein expression experiments
using recombinant baculovirus, larvae were infected by inject-
ing with baculovirus containing clarified culture media.

Western blots

Mortar and pestle homogenized larval samples were prepared
in a buffer containing 50 mM Tris—=HCI, 500 mM NaCl and
5 mM TCEP on ice. Homogenized larval samples were fur-
ther sonicated in 1.5 ml Eppendorf tubes at 60% power set-
ting, 30 s on/30 s off for a total sonication time of 5 min
at 4°C. Large particulates from this solution were filtered us-
ing a funnel layered with Kimwipes prior to centrifugation.
After removing debris by centrifugation at 16 000 g for 10
min, protein concentration in the supernatant was measured
on a nanodrop spectrophotometer. ~50 mg protein lysate was
used as stock that was diluted 5-fold per serial dilution in
each well. Lysate and dilutions were denatured in 1x Laemmli
buffer at 95°C for 30 s and resolved by SDS-PAGE on a 8-
20% gradient gel (BioRad). Following trimming of the gel,
proteins were electro transferred to a PVDF membrane acti-
vated in methanol for 1 minute. The membrane was blocked
with blocking buffer (PBS/0.05% Tween-20 containing 5%
milk) for 1 hr, incubated with primary antibody in blocking
buffer for 1 h, washed three times with PBS/0.05% Tween-20
for 5 min each, incubated with secondary antibody conjugate
in blocking buffer for 1 h, and washed three times again with
PBS/0.05% Tween-20 for 5 min each. Protein bands were vi-
sualized using LI-COR Odyssey CLx with Image Studio v5.2
software at 700/800 nm channels.

Results

Fanzors belong to an unusual group of TnpB-family
homologs

To determine the evolutionary origins of Fanzors, we identi-
fied diverse Fanzors and evaluated their protein sequence fea-
tures (Materials and methods). TnpB-family homologs, which
include Fanzors, share a RuvC nuclease domain belonging to
the RNaseH-like superfamily. Within the RuvC domain, the
D-E-D catalytic triad is split into three discontinuous subdo-
mains (RuvC1-3) (Figure 1C). Additionally, many TnpBs and
Fanzors contain a C-terminal Zinc-Finger (ZF) motif that is
flanked by the RuvC2 and 3 subdomains (Figure 1C).
Although TnpBs and Fanzors share similar domain orga-
nizations, two features are different. First, RuvC1 of TnpBs
typically contains a D®G motif where the catalytic aspartate
is followed by a hydrophobic residue (® =1, L, F, W, Y and
M), and a glycine. In contrast, this motif is near exclusively
DPG in Fanzors (Figure 1C). Second, RuvC2 of TnpBs typi-
cally contains a catalytic glutamate situated ~50 residues up-
stream of the ZF motif (defined as canonical E or E.,,). In
contrast, RuvC2 of Fanzors are reorganized, with the gluta-
mate positioned six residues upstream of the ZF motif (de-
fined as alternative E or E;) (7). Although Fanzors with E .,
have previously been interpreted as novel Fanzor subtypes (6),
we found that they appear to be prokaryotic TnpBs that have
been mis-annotated as eukaryotic Fanzor2s (Supplementary
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Table S4 and Materials and methods). The combination of
RuvC1 (DPG motif) and RuvC2 (E,,) features seen in Fanzors
is exceedingly rare and found only in <1% of TnpB-family
homologs (Supplementary Table S7), making it the molecular
fingerprints of Fanzors.

We next explored the evolutionary relationship of TnpB-
family homologs in the context of Fanzor molecular finger-
prints. We generated a maximum likelihood phylogenetic tree
using ~800 representative sequences selected from over 140
000 TnpB-family homologs (Materials and methods; Supple-
mentary File 1). We found clear separation between sequences
with E,, and E,j; in RuvC2 (Figure 1D). Those with E,;, were
further divided into two clades with differing RuvC1 motifs:
one with D®G (Figure 1D), and another with DPG (Figure
1D). The clade with DPG fingerprints include not only Fan-
zors, but also TnpBs closely related to Fanzor2s (Figure 1D).
These TnpBs are mostly cyanobacterial, and co-occur with
IS607 TnpAs closely related to Fanzor2 TnpAs (Figure 1E and
Supplementary Figures S1 and S2). Our analysis suggests that
DPG and E,j, motifs in the RuvC domain are specific to a nar-
row and unusual clade of TnpB-family homologs. This evolu-
tionarily related clade includes Fanzorls, Fanzor2s, and select
TnpBs. From here on, we refer to these cyanobacterial TnpBs
as ‘pro-Fanzors’ to highlight their special relationship to Fan-
zor2s (Supplementary Text 1).

Fanzoris likely evolved from ancestral Fanzor2s in
eukaryotes

Motivated by the relatedness of pro-Fanzors and Fanzor2s,
we decided to further investigate the prokaryotic origins of
Fanzors. We focused on Fanzorls, as previous studies suggest
that Fanzorls and Fanzor2s independently evolved from dis-
tinct clades of TnpBs (6,7). To find support for this model, we
searched for prokaryotic Fanzorl1-like sequences, and cross-
referenced them with sequences that formed the basis of this
model (6). Of the 29 sequences validated with ClustalW and
AF2, we found that they were either from short metagenomic
contigs with ambiguous taxonomy (7 = 24), or incorrectly as-
cribed to prokaryotic taxa (7 = 5) (Supplementary Tables S4
and S5). We therefore find no support for the independent evo-
lution of Fanzor1s from prokaryotic Fanzor1-like proteins.

We next evaluated an alternative model where Fanzorls
evolved from Fanzor2s. A defining feature of Fanzorls is that
they are encoded by a wide range of canonical eukaryotic
transposon families. In contrast, Fanzor2s were suggested to
be only encoded in eukaryotic IS607 transposons (8). As evo-
lutionary intermediates would support a model where Fan-
zorls evolved from Fanzor2s, we searched for either Fanzorls
encoded in 1S607 transposons, or Fanzor2s encoded in eu-
karyotic transposons (Materials and methods).

Surprisingly, while no Fanzor1s appeared to be encoded in
IS607 transposons, some Fanzor2s were clearly encoded by
non-1S607 transposons (Figure 2A; Supplementary Figure S3).
Specifically, Fanzor2s from the alga Chloropicon primus and
various mollusc species including Mercenaria mercenaria are
encoded by cut-and-paste DNA transposons (Figure 2A; Sup-
plementary Figure S3). The terminal inverted repeats (TIRs)
and target site duplications (TSDs) suggest that the algal and
the mollusc Fanzors are encoded by two distinct transposon
families. Consistent with this, phylogenetic analysis suggests
that the algal and mollusc Fanzors are distantly related, im-
plying independent capture of distinct IS607 Fanzor2s by eu-
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karyotic transposons (Figure 2B; Supplementary File 2). From
here on, we will refer to Fanzor2s encoded in eukaryotic trans-
posons as ’Fanzor2*s’ to differentiate them from canonical
IS607 encoded Fanzor2s. In all, we propose that Fanzorls
evolved from ancestral Fanzor2s, based on (i) the conserved
RuvC signatures and phylogenetic analysis, (ii) the absence of
convincing prokaryotic Fanzor1-like proteins, and (iii) the ob-
servation of evolutionary intermediates of Fanzorls and Fan-
zor2s (Fanzor2s captured by eukaryotic transposons).

IS607 TnpB adjusts its reRNA boundary to
co-function with its transposase

Our results thus far point to an intimate relationship be-
tween Fanzors and IS607 TnpBs. The lack of evolutionary
connection between Fanzors and IS200/605 TnpBs is notable,
as 1S200/605 transposons are more abundant than 1S607
transposons (29). We hypothesized that features absent in
1S200/605 TnpBs, but found in IS607 TnpBs enabled their
evolution in eukaryotes. We therefore assayed the biochemi-
cal activity of an IS607 TnpB from Xylella fastidiosa (1ISXfal)
(Figure 3A). Small-RNA sequencing of ISXfal TnpB heterolo-
gously expressed in E. coli revealed a ~150 nucleotide reRNA
that extends beyond the transposon boundary (Figure 3A)
(30). This is consistent with IS607 TnpB acting as an RNA-
guided endonuclease that uses the reRNA as the guide RNA to
cleave a target DNA next to the transposon associated motif
(TAM) (30).

Unlike 1S200/605 transposons that insert downstream of a
short motif (3), IS607 transposons typically insert via recom-
bination between matching dinucleotide motifs (Figure 3B)
(4,5). Due to these differences in transposition mechanisms,
the first nucleotide after the right end (or the ‘right-flanking
nucleotide’) is variable in IS200/6035, but is fixed in IS607 (Fig-
ure 3B). As the right-flanking nucleotide corresponds to the
start of the guide sequence in 1S200/605 TnpBs (1), we asked
if the same was true for 1IS607 TnpBs. To test this, we made
ISXfal reRNA mutants with variable boundaries and per-
formed E. coli TAM depletion assays (Figure 3C, Supplemen-
tary Figures S4, 57, S9, and Supplementary Text 2). We found
that in ISXfal, the right-flanking nucleotide formed part of
the reRNA scaffold, instead of the guide as it would have been
for 1S200/605 (Figure 3C and Supplementary Figure S4). As
such, IS607 TnpBs maintains the same degree of programma-
bility as IS200/605 TnpBs by incorporating an invariable se-
quence flanking the transposon as part of the RNA scaffold.
This suggests that IS607 TnpBs have co-evolved to function
with their transposases by adjusting their reRNA boundaries
(Supplementary Figures S8, S9, and Supplementary Text 3).
This adaptability in the IS607 reRNA scaffold may have been
a key feature that enabled the co-option of Fanzor2s by new
eukaryotic transposon families.

A conserved pseudoknot interaction is required for
activity of IS607 TnpB

Having defined the boundary of ISXfal reRNA scaffold, we
next analyzed its reRNA structure. Using RNA-folding analy-
sis (Materials and methods), we found that the ISXfal reRNA
has three predicted stem-loops and a potential pseudoknot
(PK) forming region. This is reminiscent of the previously re-
ported 1S200/605 reRNA, whose core structure also involves
a PK interaction (Figure 4A) (31,32). To test the functional im-
portance of the putative PK interaction, we generated ISXfal
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reRNA mutants and assayed their activity in an E. coli plas-
mid interference assay. We first destabilized the putative PK
interactions by mutating the apical loop in Stem-loop 3 to ab-
rogate a Watson-Crick base pair in the PK (Figure 4B). Com-
pared to the wild-type, the mutant showed substantially re-
duced activity (<10~* fold) (Figure 4C). Activity was rescued
100-fold by introduction of a second point mutation that re-
stores the Watson-Crick base pair in the PK (Figure 4B and
C). The incomplete rescue could be attributed to nucleobase
specific contacts between the PK and TnpB, as indicated in the
previous ISDra2 TnpB cryo-EM structures (31,32). These re-
sults show that a PK interaction is necessary for ISXfal TnpB
activity. Notably, RNA-folding analysis predicts that this PK
structure is be conserved in not only TnpBs, but also Fanzor2s
and Fanzor2*s (Figure 4A). This suggests that a PK may be
required in TnpBs and Fanzor2s regardless of transposon as-
sociation.

Fanzor1 reRNA and protein expression are robust
in a native insect host

To gain insight into how Fanzors evolve to function in trans-
posons other than IS607 transposons, we investigated the na-
tive expression of a Fanzor1 found in a non-IS607 transposon
from Spodoptera frugiperda ascovirus la (SfAV) (8,33,34).
The Fanzor-encoding element of SfAV is a non-autonomous
transposon present at two copies in the genome that encodes
just the Fanzor1 protein (Figure SA). SfAV Fanzor and related
Fanzors from lepidopterans and their viruses appear to be as-
sociated with an unknown family of DNA transposon with
clear TIRs that cause short TSDs upon insertion (8).

We performed small RNA-sequencing experiments to ex-
amine reRNA expression i1 vivo by infecting S. frugiperda
larvae with SfAV. To do so, we pricked the larvae with an
SfAV-contaminated needle to mimic infection by a parasitic
wasp, which transmits the virus in nature (Figure 5B). As as-
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coviruses primarily replicate in the hemolymph, we isolated
and sequenced small RNAs from hemolymph samples (Figure
5B) (33). Mapping of small-RNA reads to the SfAV genome
revealed that the Fanzor reRNA was one of the most highly
transcribed small RNAs (Figure SA and Supplementary Figure
S5). In addition to the SfAV Fanzor, we also examined reRNA
expression of two additional insect virus-encoded Fanzor1s in
cultured cells using recombinant baculoviruses. In both native
and recombinant samples, we found expression of reRNAs
that extended ~15nt beyond the TSD of the transposon (Sup-
plementary Figure S5).

RNA-folding analysis predicted that although PK interac-
tions are absent in Fanzor1 reRNAs, they fold into a three-
stem shape whose global architecture is similar to TnpB and
Fanzor2 reRNAs (Figure 5C). Notably, the TIRs and the TSDs
are predicted to form part of the reRNA scaffold in Fanzorls
(Figure 5C, D, and Supplementary Figure S5), and the same
appeared to be true in Fanzor2*s (Figure 4A. The inclusion of
the TSD into the reRNA scaffold in Fanzor1s and Fanzor2*s is
analogous to the assimilation of the right-flanking nucleotide
into the reRNA scaffold in IS607 TnpBs (Figure 5D). This sug-
gests that both Fanzors and IS607 TnpBs overcome sequence
constraints imposed by their transposases by recoding them
into the reRNA scaffold. This is crucial for Fanzors and TnpBs
to maximize their guide programmability, especially given that
TSDs of Fanzor1-encoded transposons can reach up to 12 nu-
cleotides in length (8).

We noted that reRNA expression levels iz vivo using larvae
were substantially higher than those observed in vitro using
cultured Sf9 cells. As SfAV Fanzor protein expression in Sf9
cells resulted in poor yield, we instead expressed the SfAV Fan-
zor protein in vivo using S. frugiperda larvae (Figure SE). Two
constructs were tested: a Hisg-tagged SfAV Fanzor protein,
and a MBP/GFP-tagged SfAV Fanzor protein. Although we
could not detect the Hisg-tagged SfAV Fanzor protein, we ob-
served robust expression of the MBP/GFP-tagged SfAV Fan-
zor protein in vivo, with the larvae turning completely green
five days post infection (Figure SE). Western-blotting with an
anti-GFP antibody confirmed the expression of the full-length
MBP/GFP-tagged protein (Figure SF and Supplementary Fig-
ure S6). Our results suggest that both Fanzorl reRNA and
protein may be expressed preferentially in vivo, implying that
Fanzor expression is regulated by additional factors.

Structural analysis highlights conserved features of
the Fanzor lineage

Finally, we compared structural models of Fanzors and TnpBs
to determine whether their structural properties support
the sequential evolution of Fanzorls from Fanzors2s and
TnpBs (Figure 6A and B). All TnpBs and Fanzors analyzed
contained a REC lobe that includes a 3-barrel-like wedge do-
main (WED) and helical REC1 domain, and a NUC lobe that
includes the RuvC/RNaseH-fold defined by a 3-sheet flanked
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by the U-130A mutation and subsequently rescued by the U-130A/A-3U mutat

by double and single «-helices on each side. The double «-
helices extend from the NUC lobe to form the REC2 domain,
whereas the single «-helix forms part of the nucleolytic pocket
bearing the D-E-D catalytic triad. The predicted models of
both E,;. TnpBs and Fanzors clearly show that the RuvC2 glu-
tamate is placed in a topologically distinct, but consistent loca-
tion (Figure 6C). Overall, the structural models are consistent
with the view that select TnpBs share greater similarities to
Fanzors.

Our structural analysis also shows that Fanzorls are di-
vergent from TnpBs and Fanzor2s. Nevertheless, we see
that some structural features are conserved among Fan-
zorls. The hallmark structural feature of Fanzorls is a
REC2 domain comprising a pair of kinked o-helices that
embraces the RNA/DNA heteroduplex (6). Fanzorls also
feature insertions in the REC1 domain that likely con-
tact the heteroduplex (Figure 6B). These insertions in the
REC domains are reminiscent of insertions found in Cas12s
thought to enable recognition of longer guide sequences
(32). This Fanzorl adaptation might have enhanced func-
tion in eukaryotic genomes whose larger size demands greater
specificity.

ion.

In addition to REC domain insertions, Fanzor1s contain in-
sertions in the WED domain that alter its B-barrel shape. The
WED domain of Fanzorls contains a characteristic TDG mo-
tif, which appears to interact with residues that may interface
with the heteroduplex. The WED domain also incorporates a
novel o-helix that interacts with the terminal nucleobases of
the reRNA scaffold in the previously reported Fanzorl cry-
oEM structure (6). Whereas these nucleobases form the PK
interaction in reRNAs of TnpBs and Fanzor2s, they constitute
a double-stranded RNA stem in reRNAs of Fanzor1s (Figures
4A and 5C). We propose that structural alterations in Fan-
zorls that disrupt the ancestral 3-barrel architecture in the
WED domain facilitated the loss of the PK, alleviating addi-
tional sequence constraints on Fanzor1 reRNA.

Structural features particular to and universal among Fan-
zorls strongly support their monophyletic origin. Neverthe-
less, the evolutionary origin of Fanzorls is less clear com-
pared to Fanzor2s. In our phylogenetic analysis, we found that
the clade of Fanzorls that includes SfAV Fanzor represents
an early diverging branch (Figure 2B). Indeed, pairwise sim-
ilarity analysis of Fanzor sequences independently positions
this clade between Fanzor2s and the rest of Fanzorls (Figure
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Figure 5. reRNAs of TnpBs and Fanzors use similar strategies to co-function with their transposases. (A) Locus organization of Fanzor1 encoding
transposon in S. frugiperda ascovirus 1a (SAV). Red box indicates target-site duplication (TSD) which appears as a result of transposition. Boxed triangle
indicates terminal inverted repeats (TIR). Inlaid graph shows mapping of small RNA-seq reads onto the reference locus encoding the Fanzor. (B)
Workflow of in vivo Fanzor1 reRNA expression assays using SfAV and S. frugiperda larvae. (C) Putative secondary structure of SfAV Fanzor1 reRNA. TSD
is color coded in red. Region where pseudoknot (PK) was expected is highlighted in black dashed box. Bases corresponding to TIR recognized by the
transposase are circled. (D) Graphical representation of how boundaries are redefined for reRNAs occurring in different transposon families.
Right-flanking nucleotide (RF) in IS607 transposons and TSD in eukaryotic transposons are both incorporated into the reRNA scaffold. (E) Schematic
depicting MBP-GFP fused SfAV Fanzor1 construct. Picture of S. frugiperda larvae infected with recombinant baculovirus encoding his-tagged Fanzor (left)
and MBP and GFP tag fused Fanzor is shown (right). (F) Western blot confirms expression of SfAV protein in vivo using anti-his and anti-GFP primary
antibodies. Lane 1: Chameleon ladder. Lanes 2-5: his-tagged Fanzor containing lysate dilutions. Lanes 6-9: MBP and GFP tag fused Fanzor

containing lysate dilutions (the full blot is shown in Supplementary Figure S6).

6D; Materials and methods). The predicted structure of SFAV
Fanzor suggests that although proteins in this clade bear the
most basic features of Fanzorls, they lack features found in
larger Fanzorls (Figure 6A, B). Among Fanzorls, SfAV Fan-
zor and related Fanzors are structurally most similar to Fan-
zor2s due to their streamlined architecture. Indeed, SfAV Fan-
zor is one the most compact Fanzorls (~600 residues), and its
length is comparable to some Fanzor2s (~500 residues). In
contrast, some Fanzorls reach up to ~800 residues in length,
largely due to additional insertions in REC1/2, RuvC, and ZF
domains (Figure 6A, B). In all, our observations support the
view that Fanzorls initially evolved from a compact ances-
tor similar to Fanzor2s.

A model of Fanzor evolution

Based on conserved RuvC signatures, phylogenetic analysis,
and association with IS607 TnpAs, the most likely prokary-
otic source of Fanzor2s are TnpBs we refer to as pro-Fanzors.
Even though the directionality cannot be ascertained (Supple-

mentary Text 1), the striking similarities between pro-Fanzors
and Fanzor2s are best explained by cross-domain HGT. More-
over, multiple lines of evidence suggest that Fanzorls are a
monophyletic group that evolved from Fanzor2s. (i) Phylo-
genetic analysis, (ii) absence of prokaryotic Fanzor1-like pro-
teins, (iii) contemporary evolutionary intermediates we refer
to as Fanzor2*s and (iv) conserved structural features are all
consistent with this view. Collectively, our findings point to-
ward sequential evolution from pro-Fanzor, to Fanzor2 and
finally to Fanzorl.

We propose the following model to explain the evolu-
tion of Fanzors from TnpBs. First, pro-Fanzors were hori-
zontally transferred from prokaryotes to eukaryotes or their
viruses, generating Fanzor2s (Figure 6E). Fanzor2s were fur-
ther spread in eukaryotes, often via HGT through viruses, and
were adopted by eukaryotic transposons in this process as ex-
emplified by extant Fanzor2*s. Ultimately, a specific group of
Fanzor2* gave rise to Fanzor1s that continued to diversify. In
this model, pro-Fanzors, Fanzor2s and Fanzor1s all belong to
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Figure 6. Structural comparisons of TnpBs and Fanzors highlight key conserved features of the Fanzor lineage. (A) Example structures of 1IS200/605 and

IS607-associated TnpBs and Fanzors. All models are AlphaFold2 models,

except for that of ISDra2 (PDB-ID: 8EXA). Species information: ISDra2,

Deinococcus radiodurans. 1SXfa1, Xylella fastidiosa. ISSoc2, Synechococcus sp. ISYMimi1, Acanthamoeba polyphaga mimivirus. STAV, Spodoptera
frugiperda ascovirus 1a. Pca, Phytophthora cactorum. (B) Schematic representation of the structural organization of TnpBs and Fanzor2s, and regions of
novel insertions in Fanzor1s. (C) AlphaFold2 structures and protein topology diagram of the two types of RuvC active site organization specific to

proteins in (A). Dashed circles in the left, and colored circles in the right p

anels, indicate the RuvC2 glutamate residue in the canonical E¢s, and the

alternative Ec,, locations. (D) CLANS analysis for TnpBs and Fanzors sequences. Note that the lepidopteran and viral Fanzors bridge Fanzor2s and the
rest of Fanzor1s. (E) The proposed evolutionary of Fanzors inferred using extant sequences. Prokaryotic TnpBs with DPG and E,; motifs, or pro-Fanzors,

evolved into eukaryotic Fanzor2s via horizontal transfer. Acquisition of Fan
instance of which gave rise to Fanzor1s.

a single lineage of unusual TnpB-family homologs that poten-
tially involved multiple cross-domain HGT events.

Discussion

Our work provides a plausible explanation for the origin
of Fanzors, a widely distributed group of eukaryotic RNA-
guided DNA endonucleases. Phylogenetic analysis and struc-
tural modeling support the conclusion horizontal gene trans-
fer of a narrow clade of IS607 TnpBs, the pro-Fanzors, gave
rise to eukaryotic Fanzors. That all Fanzors evolved from a

zor2s with novel non-IS607 eukaryotic transposons gave rise to Fanzor2*s, one

single prokaryotic source is at great odds with the preva-
lence of cross-domain horizontal gene transfer and diversity
of TnpBs in prokaryotes. This suggests that only a specific
and limited group of TnpB-family homologs were suitable for
adaptation in eukaryotic systems.

Three properties of pro-Fanzors may explain its success-
ful expansion in eukaryotes. First, pro-Fanzors and Fanzors
share a RuvC active site with a repositioned glutamate that
may reduce genome-damaging ssDNA trans-cleavage activ-
ity conserved in other TnpBs and related Cas12 enzymes
(6,7,35). Second, pro-Fanzors occur exclusively in cyanobac-
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teria, which have an extensive history of both endosymbio-
sis with eukaryotes and horizontal gene transfer events in-
cluding IS607 transposons (9,36,37). Third, pro-Fanzors func-
tion together with a double-stranded DNA transposase (IS607
TnpA), as opposed to a single-stranded DNA transposase
(IS200/605 TnpA). To our knowledge, there is no evidence of
1S200/605 transposons in eukaryotes, suggesting they are not
suited for eukaryotic function (9,38,39). Together, these prop-
erties of pro-Fanzors may have enabled their cross-domain
dissemination and continued divergence as eukaryotic Fan-
zor2s and the later-evolving Fanzorls.

The evolutionary relationship between 1S607 TnpBs and
Fanzors highlights how TnpB-family homologs adapt to func-
tion with new transposon families. Notably, we found that the
reRNAs encoded in both 1S607 and eukaryotic transposons
overcome sequence constraints imposed by their transposases
in analogous ways. We also found that a putative pseudoknot
interaction in the reRNA is conserved among TnpBs and Fan-
zor2s regardless of their transposon associations. Interestingly,
this pseudoknot interaction appears to have been lost in Fan-
zor]l reRNAs. The absence of pseudoknot-imposed sequence
constraints in the reRNA may have facilitated Fanzor1 adop-
tion by a wider range of transposons.

Future studies should investigate why TnpBs are associ-
ated only with 1S200/605 and IS607 transposons, whereas
Fanzors are associated with a large and diverse collection
of transposon families. Furthermore, the abundance of some
Fanzor-encoding transposons in their host genome, reaching
up to hundreds of copies, suggests that Fanzors provide a pro-
liferative advantage to various families of transposons with
distinct life-cycles (8). The demonstrated evolutionary suc-
cess of Fanzors underscores the versatility of RNA-guided en-
donucleases that are ubiquitously present in all domains of

life.

Data availability

The data underlying this article are available in the ar-
ticle and in its online supplementary material. Sequenc-
ing data underlying this article are also publicly available.
small RNA-sequencing data is deposited on GEO under acces-
sion GSE246134. Sequencing data from the TAM depletion
assays are available on SRA as project ID PRJNA1028567.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

We thank Doudna lab rotation students Dylan Aidlen and Va-
lerie Jin for their contributions, as well as members of the
Doudna lab and the Innovative Genomics Institute for help-
ful discussions. We would also like to acknowledge Ms. Ne-
travathi Krishnappa (NGS Core Operations Manager and Se-
quencing Specialist, Center for Translational Genomics, Inno-
vative Genomics Institute, UC Berkeley) and Dr Suhua Feng
(The High-Throughput Sequencing Core in UCLA Broad Stem
Cell Research Center) for NGS service.

Author contributions: PH.Y., P.S. and H.S. designed the
study and performed the experiments with input and assis-
tance with data analysis from other authors; all authors par-
ticipated in manuscript and figure preparation and review.

Nucleic Acids Research, 2023, Vol. 51, No. 22

Funding

Somatic Cell Genome Editing Program of the Common Fund
of the National Institutes of Health (U01AI142817-02, J.A.D.
and J.B.). PH.Y., M.A. and J.A. are recipients of the National
Science Foundation Graduate Research Fellowship. P.S. is sup-
ported by the Swiss National Science Foundation Mobility fel-
lowship [PS00PB_214418]; H.S. is an HHMI Fellow of The
Jane Coffin Childs Fund for Medical Research; L.C. is sup-
ported by the National Institute of Health [U01AI142817];
B.A.A.is supported by m-CAFEs Microbial Community Anal-
ysis & Functional Evaluation in Soils (m-CAFEs@Ilbl.gov), a
Science Focus Area led by Lawrence Berkeley National Lab-
oratory based upon work supported by the US Department
of Energy, Office of Science, Office of Biological & Envi-
ronmental Research [DE-AC02-05CH11231]; R.J.C was sup-
ported by an award to Sabeeha Merchant from the Laboratory
Directed Research and Development Program of Lawrence
Berkeley National Laboratory under U.S. Department of En-
ergy Contract No. DE-AC02-05CH11231; K.C. is supported
by The Life Sciences Research Foundation; S.J. and J.A.D.
are investigators of the Howard Hughes Medical Institute
(HHMI) and are funded by HHMI. Funding for open access
charge: Howard Hughes Medical Institute.

Conflict of interest statement

J.EB. is a co-founder of Metagenomi, Inc. J.A.D. is a co-
founder of Caribou Biosciences, Editas Medicine, Intellia
Therapeutics, Mammoth Biosciences and Scribe Therapeutics,
and a director of Altos, Johnson & Johnson and Tempus.
J.A.D. is a scientific advisor to Caribou Biosciences, Intellia
Therapeutics, Mammoth Biosciences, Inari, Scribe Therapeu-
tics, Felix Biosciences and Algen. J.A.D. also serves as Chief
Science Advisor to Sixth Street and a Scientific Advisory Board
member at The Column Group. J.A.D. conducts academic re-
search projects sponsored by Roche and Apple Tree Partners.

References

1. Karvelis,T., Druteika,G., Bigelyte,G., Budre,K., Zedaveinyte,R.,
Silanskas,A., Kazlauskas,D., Venclovas,C. and Siksnys,V. (2021)
Transposon-associated TnpB is a programmable RNA-guided
DNA endonuclease. Nature, 599, 692-696.

2. Altae-Tran,H., Kannan,S., Demircioglu,E.E., Oshiro,R., Nety,S.P.,
McKay,L.]J., Dlaki¢,M., Inskeep,W.P., Makarova,K.S.,
Macrae,R.K,, et al. (2021) The widespread IS200/IS605
transposon family encodes diverse programmable RNA-guided
endonucleases. Science, 374, 57-65.

3. Barabas,O., Ronning,D.R., Guynet,C., Hickman,A.B.,
Ton-Hoang,B., Chandler,M. and Dyda,F. (2008) Mechanism of
1S200/1S605 Family DNA Transposases: activation and
Transposon-Directed Target Site Selection. Cell, 132,208-220.

4. Boocock,M.R. and Rice,P.A. (2013) A proposed mechanism for
IS607-family serine transposases. Mob. DNA, 4, 24.

5. Chen,W., Mandali,S., Hancock,S.P., Kumar,P., Collazo,M.,
Cascio,D. and Johnson,R.C. (2018) Multiple serine transposase
dimers assemble the transposon-end synaptic complex during
IS607-family transposition. eLife, 7, e39611.

6. Saito,M., Xu,P., Faure,G., Maguire,S., Kannan,S., Altae-Tran,H.,
Vo,S., Desimone,A., Macrae,R.K. and Zhang,F. (2023) Fanzor is a
eukaryotic programmable RNA-guided endonuclease. Nature,
620, 660-668.

7. Jiang,K., Lim,]., Sgrizzi,S., Trinh,M., Kayabolen,A., Yutin,N.,
Bao,W., Kato,K., Koonin,E.V., Gootenberg,].S., et al. (2023)

20z Aenuer oz uo Jasn sajabuy soT ‘elulope) Jo Alsianiun A 6€yYZy /v L2 1L/22/1LS/a101e / eu/wod dnoojwapede//:sdjy wol papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1053#supplementary-data

Nucleic Acids Research, 2023, Vol. 51, No. 22

10.

11.

12.

13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Programmable RNA-guided DNA endonucleases are widespread
in eukaryotes and their viruses. Sci. Adv., 9, eadk0171.

. Bao,W. and Jurka,]. (2013) Homologues of bacterial TnpB_IS605

are widespread in diverse eukaryotic transposable elements. Mob.
DNA, 4, 1-16.

. Gilbert,C. and Cordaux,R. (2013) Horizontal Transfer and

Evolution of Prokaryote Transposable Elements in Eukaryotes.
Genome Biol. Evol., 5, 822-832.

Eddy,S.R. (2011) Accelerated profile HMM searches. PLoS
Comput. Biol., 7,e1002195.

Finn,R.D., Coggill,P., Eberhardt,R.Y., Eddy,S.R., Mistry,].,
Mitchell,A.L., Potter,S.C., Punta,M., Qureshi,M.,
Sangrador-Vegas,A., et al. (2016) The Pfam protein families
database: towards a more sustainable future. Nucleic Acids Res.,
44, D279-D28S.

Steinegger,M. and Soding,]. (2017) MMseqs2 enables sensitive
protein sequence searching for the analysis of massive data sets.
Nat. Biotechnol., 35,1026-1028.

. Mirdita,M., Schiitze K., Moriwaki,Y., Heo,L., Ovchinnikov,S. and

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

Thompson,].D., Higgins,D.G. and Gibson,T.]. (1994) CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res., 22,
4673-4680.

Frickey,T. and Lupas,A. (2004) CLANS: a Java application for
visualizing protein families based on pairwise similarity.
Bioinformatics, 20, 3702-3704.

Altschul,S.E, Gish,W., Miller,W., Myers,E.W. and Lipman,D.].
(1990) Basic local alignment search tool. J. Mol. Biol., 215,
403-410.

Altschul,S.F, Madden,T.L., Schiffer,A.A., Zhang,]., Zhang,Z.,
Miller,W. and Lipman,D.]. (1997) Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic
Acids Res., 25, 3389-3402.

Capella-Gutiérrez,S., Silla-Martinez,].M. and Gabaldén,T. (2009)
trimAl: a tool for automated alignment trimming in large-scale
phylogenetic analyses. Bioinformatics, 25, 1972-1973.

Holm,L., Laiho,A., Torénen,P. and Salgado,M. (2023) DALI shines
a light on remote homologs: one hundred discoveries. Protein Sci.,
32, ¢4519.

Price, M.N., Dehal,P.S. and Arkin,A.P. (2010) FastTree 2 —
approximately maximum-likelihood trees for large alignments.
PLoS One, 5, e9490.

Menardo,F, Loiseau,C., Brites,D., Coscolla,M., Gygli,S.M.,
Rutaihwa,L.K., Trauner,A., Beisel,C., Borrell,S. and Gagneux,S.
(2018) Treemmer: a tool to reduce large phylogenetic datasets
with minimal loss of diversity. BMC Bioinf., 19, 164.

Letunic,l. and Bork,P. (2019) Interactive Tree Of Life (iTOL) v4:
recent updates and new developments. Nucleic Acids Res., 47,
W256-W259.

Gabler,F, Nam,S.-Z., Till,S., Mirdita,M., Steinegger,M., Soding,].,
Lupas,A.N. and Alva,V. (2020) Protein Sequence Analysis Using
the MPI Bioinformatics Toolkit. Curr. Protoc. Bioinforma, 72,
e108.

24.

2S.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

12427

Lu,S., Wang,]., Chitsaz,F., Derbyshire, M.K., Geer,R.C.,
Gonzales,N.R., Gwadz,M., Hurwitz,D.I., Marchler,G.H., Song,].S.,
et al. (2020) CDD/SPARCLE: the conserved domain database in
2020. Nucleic Acids Res., 48, D265-D268.

Darling,A.C.E., Mau,B., Blattner,ER. and Perna,N.T. (2004)
Mauve: multiple Alignment of Conserved Genomic Sequence With
Rearrangements. Genome Res., 14, 1394-1403.

Tareen,A. and Kinney,].B. (2020) Logomaker: beautiful sequence
logos in Python. Bioinforma. Oxf. Engl., 36,2272-2274.
Lorenz,R., Bernhart,S.H., Honer zu Siederdissen,C., Tafer,H.,
Flamm,C., Stadler,P.F. and Hofacker,I.L. (2011) ViennaRNA
Package 2.0. Algorithms Mol. Biol., 6, 26.

Shedlovskiy,D., Shcherbik,N. and Pestov,D.G. (2017) One-step hot
formamide extraction of RNA from Saccharomyces cerevisiae.
RNA Biol., 14, 1722-1726.

Meers,C., Le,H.C., Pesari,S.R., Hoffmann,ET., Walker, M.W.G.,
Gezelle,]., Tang,S. and Sternberg,S.H. (2023) Transposon-encoded
nucleases use guide RNAs to promote their selfish spread. Nature,
622, 863-871.

Nety,S.P., Altae-Tran,H., Kannan,S., Demircioglu,FE., Faure,G.,
Hirano,S., Mears,K., Zhang,Y., Macrae,R.K. and Zhang,F. (2023)
The transposon-encoded protein TnpB processes its own mRNA
into wRNA for guided nuclease activity. CRISPR J., 6,232-242.
Sasnauskas,G., Tamulaitiene,G., Druteika,G., Carabias,A.,
Silanskas,A., Kazlauskas,D., Venclovas,C., Montoya,G., Karvelis,T.
and Siksnys,V. (2023) TnpB structure reveals minimal functional
core of Cas12 nuclease family. Nature, 616, 384-389.
Nakagawa,R., Hirano,H., Omura,S.N., Nety,S., Kannan,S.,
Altae-Tran,H., Yao,X., Sakaguchi,Y., Ohira,T., Wu,W.Y., et al.
(2023) Cryo-EM structure of the transposon-associated TnpB
enzyme. Nature, 616, 390-397.

Glynn Tillman,P., Styer,E.L. and Hamm,].J. (2004) Transmission
of ascovirus from Heliothis virescens (Lepidoptera: noctuidae) by
three parasitoids and effects of virus on survival of parasitoid
Cardiochiles nigriceps (Hymenoptera: braconidae). Environ.
Entomol., 33, 633-643.

Bideshi,D.K., Demattei,M.-V., Rouleux-Bonnin,E, Stasiak,K.,
Tan,Y., Bigot,S., Bigot,Y. and Federici,B.A. (2006) Genomic
sequence of Spodoptera frugiperda ascovirus 1a, an enveloped,
double-stranded DNA insect virus that manipulates apoptosis for
viral reproduction. J. Virol., 80, 11791-11805.

Chen,].S., Ma,E., Harrington,L.B., Da Costa,M., Tian,X.,
Palefsky,].M. and Doudna,J.A. (2018) CRISPR-Cas12a target
binding unleashes indiscriminate single-stranded DNase activity.
Science, 360, 436-439.

Husnik,F. and McCutcheon,].P. (2018) Functional horizontal gene
transfer from bacteria to eukaryotes. Nat. Rev. Microbiol., 16,
67-79.

Keeling,P.J. and Palmer,].D. (2008) Horizontal gene transfer in
eukaryotic evolution. Nat. Rev. Genet., 9, 605-618.

He,S., Corneloup,A., Guynet,C., Lavatine,L., Caumont-Sarcos,A.,
Siguier,P., Marty,B., Dyda,F., Chandler,M. and Ton Hoang,B.
(2015) The 1S200/1S605 family and “Peel and Paste” single-strand
transposition mechanism. Microbiol. Spectr., 3, 4.

Hoang,B.T., Pasternak,C., Siguier,P., Guynet,C., Hickman,A.B.,
Dyda,F.,, Sommer,S. and Chandler,M. (2010) Single-stranded DNA
transposition is coupled to host replication. Cell, 142, 398-408.

Received: August 16, 2023. Revised: October 19, 2023. Editorial Decision: October 22, 2023. Accepted: October 24,2023

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

20z Aenuer oz uo Jasn sajabuy soT ‘elulope) Jo Alsianiun A 6€yYZy /v L2 1L/22/1LS/a101e / eu/wod dnoojwapede//:sdjy wol papeojumoq



	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

