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Programmable RNA-guided DNA endonucleases are
widespread in eukaryotes and their viruses
Kaiyi Jiang1,2†, Justin Lim1†, Samantha Sgrizzi1, Michael Trinh1, Alisan Kayabolen1, Natalya Yutin3,
Weidong Bao4, Kazuki Kato5,6, Eugene V. Koonin3, Jonathan S. Gootenberg1*‡,
Omar O. Abudayyeh1*‡

Programmable RNA-guided DNA nucleases perform numerous roles in prokaryotes, but the extent of their
spread outside prokaryotes is unclear. Fanzors, the eukaryotic homolog of prokaryotic TnpB proteins, have
been detected in genomes of eukaryotes and large viruses, but their activity and functions in eukaryotes
remain unknown. Here, we characterize Fanzors as RNA-programmable DNA endonucleases, using biochemical
and cellular evidence. We found diverse Fanzors that frequently associate with various eukaryotic transposases.
Reconstruction of Fanzors evolution revealed multiple radiations of RuvC-containing TnpB homologs in eukary-
otes. Fanzor genes captured introns and proteins acquired nuclear localization signals, indicating extensive,
long-term adaptation to functioning in eukaryotic cells. Fanzor nucleases contain a rearranged catalytic site
of the RuvC domain, similar to a distinct subset of TnpBs, and lack collateral cleavage activity. We demonstrate
that Fanzors can be harnessed for genome editing in human cells, highlighting the potential of these wide-
spread eukaryotic RNA-guided nucleases for biotechnology applications.
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INTRODUCTION
RNA-programmable DNA nucleases serve multiple roles in pro-
karyotes, including in mobile element defense and spread. These
nucleases include argonaut, CRISPR, and the obligate mobile
element–guided activity (OMEGA) systems, the latter of which
include the TnpB, IscB, IsrB, and IshB nucleases. TnpB contains
a RuvC-like nuclease domain [ribonuclease H (RNase H) fold]
that is related to the nuclease domain of the type V CRISPR effector
Cas12 (1, 2), specifically, Cas12f (3), suggesting a direct evolution-
ary path from TnpB enzymes to Cas12 (4–6). This relationship is
supported by phylogenetic analysis of the RuvC-like domains,
which indicates independent origins of Cas12s of different type V
subtypes from distinct groups of TnpBs (6, 7). OMEGA systems
encode the guide ωRNA adjacent to the nuclease gene, often over-
lapping the coding region, and biochemical and cellular experi-
ments demonstrated that the ωRNA-TnpB complex is indeed an
RNA-guided, programmable DNA endonuclease (4, 6).

RuvC domain–containing proteins are not limited to prokary-
otes: A set of TnpB homologs, Fanzors, are present in eukaryotes
(5). Mirroring the diversity of TnpBs in bacteria and archaea,
Fanzors have been identified in diverse eukaryotic lineages, includ-
ing metazoans, fungi, algae, amorphea, and some large double-
stranded DNA (dsDNA) viruses. The identified Fanzors fall into
two major groups: (i) Fanzor1 proteins are associated with

eukaryotic transposons, including Mariners, IS4-like elements,
Sola, Helitron, and MuDr, and occur predominantly in diverse eu-
karyotes; (ii) Fanzor2 proteins are found in IS607-like transposons
and are present in dsDNA viral genomes. Despite the similarities
between TnpB and Fanzors, Fanzors have not been surveyed com-
prehensively throughout eukaryotic diversity and have not been
characterized experimentally.

Here, we report a comprehensive census of RNA-guided nucle-
ases in eukaryotic and viral genomes, discovering a broad class of
functional nucleases that have extensively spread within eukaryotes
and their viruses. We examine the diversity of Fanzor systems in eu-
karyotes, perform a phylogenetic analysis to trace their evolution,
and demonstrate their programmable, RNA-guided endonuclease
activity biochemically and in cells, showcasing their utility as new
genome editing tools.

RESULTS
Fanzor nucleases are TnpB homologs widespread in
eukaryotes and viruses
We identified putative RNA-guided nucleases across 22,497 eukary-
otic and viral assemblies from National Center for Biotechnology
Information (NCBI) GenBank by searching for similarity to a mul-
tiple alignment of RuvC domains from known Fanzor1 and Fanzor2
proteins (5). We found 3655 putative nucleases with unique se-
quences (using a 70% similarity clustering threshold) that occurred
across metazoans, fungi, choanoflagellates, algae, rhodophyta,
diverse unicellular eukaryotes, and multiple viral families (Fig. 1,
A and B), expanding the known diversity of eukaryotic RuvC homo-
logs over 100-fold (Fig. 1A). These Fanzor homologs frequently
occur in multiple copies across eukaryotic genomes, with some
genomes carrying up to 122 copies. This widespread of the
Fanzors is strongly suggestive of intragenomic mobility, similar to
TnpBs (fig. S1A). Fanzor proteins also are typically substantially
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Fig. 1. Evolution of Fanzor nucleases and their association with noncoding fRNAs. (A) Phylogenetic tree of representative Fanzor and TnpB proteins. The rings show
protein system, Fanzor family designation, host superkingdom, phyla of their host species predicted associated transposons, and protein length from inside to outside.
Proteins studied in this work are marked around the tree. Splits with bootstrap support less than 0.7 of 1 were collapsed, and the tree was rooted at the midpoint. (B)
Fanzor systems projected onto the evolutionary tree of eukaryotes (33). Nodes and tips of the tree are marked with circles if there are Fanzors in the corresponding
taxonomic group. Circle sizes are proportional to the Fanzor copy number and colored by family. (C) Comparison of protein lengths [amino acids (aa)] between
Fanzor nucleases and TnpB nucleases (*P < 0.05; ****P < 0.0001, two-sided t test). (D) Intron density of Fanzor genes grouped by assigned families. A two-sided Student’s
t test with multiple hypothesis correction is performed between each family against the rest (****P < 0.0001; ***P < 0.001). (E) Two-sided Student’s t test with multiple
hypothesis correction is performed between each kingdom and the rest (***P < 0.001; ****P < 0.0001). (F) Comparison of predicted flanking noncoding conservation
lengths at the 50 end and 30 end of the MGEs of IscB, TnpB, and Fanzor systems [****P < 0.0001, one-way analysis of variance (ANOVA)]. (G) Schematic of the A. polyphaga
mimivirus (ApmFNuc) system, including the Fanzor ORF, associated IS607 TnpA, the noncoding RNA region, and the left and right inverted repeat elements (ILR and IRR).
The WED, RuvC, and REC domains are annotated based on structural similarity with the Isdra2 TnpB structure (11). (H) Conservation of the three Fanzor loci in the A.
polyphaga mimivirus genome, showing high conservation of the Fanzor protein-coding regions and the nearby noncoding regions. (I) RNA secondary structure of the
conserved 30 noncoding region from (H).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Jiang et al., Sci. Adv. 9, eadk0171 (2023) 27 September 2023 2 of 15



larger than TnpB, with amean size of 620 residues, compared to 480
residues for TnpB proteins (Fig. 1C).

Phylogenetic analysis of our expanded set of Fanzor nucleases
and a selection of closely related TnpBs revealed five distinct
Fanzor clades supported by bootstrap analysis, with four Fanzor1
families (Fanzor1a to Fanzor1d) and a single Fanzor2 clade
(Fig. 1A). In addition, there are a number of unaffiliated Fanzor
systems that could not confidently be assigned to any Fanzor
family based on phylogeny. Fanzors are each broadly represented
in diverse eukaryotes, and Fanzor2 shows a pronounced enrich-
ment of virus-encoded Fanzors (18.4%, P < 1017), including Phycod-
naviridae, Ascoviridae, and Mimiviridae (Fig. 1A). Fanzor proteins
often contain various domains, in addition to the RuvC-like nucle-
ase domain; in particular, Fanzor2 members contain a helix-turn-
helix domain, mimicking the domain architecture of the TnpBs (fig.
S1B). Furthermore, direct comparison of specific Fanzors and their
closest TnpBs further supports the close evolutionary relationship
between these enzymes (fig. S1, C and D). In all families, Fanzors
are interspersed with TnpBs, suggesting multiple acquisitions of
TnpB during the evolution of eukaryotes. Moreover, TnpB-contain-
ing clades that include sparse Fanzors might reflect direct acquisi-
tions from symbiotic bacteria (Fig. 1A).

Projecting Fanzor hosts onto the eukaryotic tree of life shows
broad spread into amoebozoa, several other groups of unicellular
eukaryotes, plants, fungi, and animals, including Chordata and Ar-
thopoda (Fig. 1B). Notably, assimilation of Fanzors in eukaryotic
genomes was accompanied by intron acquisition: Numerous
Fanzor loci have intron densities similar to those in host genes,
up to ~9.6 introns/kb (Fig. 1, D and E, and fig. S2).

Fanzor nucleases associate with diverse transposons
Fanzors commonly associate with different transposons (5). We
performed a comprehensive transposon search (8) within 10 kb of
Fanzors, analyzing the identity of the associated open reading
frames (ORFs) by domain search (Fig. 1A; fig. S3, A and B; and
table S1). Among eukaryotic transposons, we found both previously
reported transposon families, includingMariner/Tc1, Helitron, and
Sola, and families not previously known to associate with Fanzors,
including hAT and CMC DNA transposons (fig. S3A and table S1).
Fanzor-transposon associations included autonomous transposons
encoding a transposase, such as in the Crypton and Mariner/Tc1
families, as well as non-autonomous transposons including only
transposon ends, such as hAT, EnSpm, and Helitron families (fig.
S3, A to D and table S1). Notably, the most frequent associations
were with the DNA transposon hAT, suggesting that Fanzors
might have some role with these transposons in the respective eu-
karyotic genomes. Fanzor1a, b, and d clades are most commonly
associated with hAT, whereas Fanzor1c preferentially associated
with LINE, CMC, and Mariner/Tc1 transposons (Fig. 1A and fig.
S3, A to D). Fanzor2s associated with diverse transposons, includ-
ing, Helitron, hAT, and IS607 (Fig. 1A and fig. S3, B to D). The
IS607 transposons encode a TnpA-like transposase, further cement-
ing the close relationship between Fanzor2 and TnpBs.

Fanzors are associated with conserved, structured
noncoding RNAs
TnpB and IscB nucleases process the ends of the transposon-
encoded RNA transcript into ωRNA, which complex with the re-
spective nucleases to form a RNA-guided dsDNA endonuclease

ribonucleoprotein (RNP) (4, 6, 9). We searched Fanzor loci for pu-
tative regions encoding OMEGA-like RNAs, based on conservation
of noncoding sequence. We found conservation extending beyond
the detectable Fanzor ORF on both 50 and 30 ends of the ORF, with
the conserved regions substantially longer for some Fanzor families
than those in TnpB and IscB loci, although some families like the
viral-enriched Fanzor2 have noncoding lengths similar to those of
TnpB systems (Fig. 1F and fig. S3, E and F). These conserved regions
indicate either strong conservation within the transposon boundar-
ies or longer guide RNAs associated with Fanzor enzymes.

To explore the potential activity and expression of these con-
served regions, we selected the Fanzor2 from the Acanthamoeba
polyphaga mimivirus (ApmFNuc) that is encoded within a IS607
transposon and contains a TnpA transposase and defined inverted
terminal repeats (Fig. 1E). The A. polyphaga mimivirus genome
contains three IS607 copies, which show strong sequence conserva-
tion, both within the protein-coding regions but also in the noncod-
ing region at the 30 ends of the IS607 MGE (Fig. 1, E and F). This
noncoding sequence conservation extended 200 base nucleotides
(nt) past the end of ApmFNuc ORF, ending upstream of the right
inverted repeat (IRR), designating the right end (RE) of the MGE
(Fig. 1G). In silico RNA secondary structure analysis predicted a
stable fold (Fig. 1H and fig. S3E), suggesting that the transcript of
this conserved region could function as a Fanzor-associated guide
RNA, which we accordingly named Fanzor RNA (fRNA). In the
alignment of ApmFNuc loci, the predicted fRNA structure was
highly conserved, with the conservation extending upstream into
the coding region of ApmFNuc, indicating possible cofolding
with this portion of the coding region and potential RNA process-
ing site (Fig. 1I and fig. S3G). This apparent RNA structure conser-
vation is reminiscent of the OMEGA families, where both the IscB
and TnpB families show limited structural variation (6), and pro-
cessing of the upstream region of the mRNA releases functional
guide RNAs (9).

Viral-encoded ApmFNuc is a fRNA-guided DNA
endonuclease
We hypothesized that the fRNA forms a complex with ApmFNuc
and directs binding and DNA cleavage to a specific sequence in the
target. To investigate potential fRNA-ApmFNuc binding, we coex-
pressed in Escherichia coli the A. polyphaga mimivirus Fanzor locus,
containing the noncoding RNA region, and an E. coli codon-opti-
mized ApmFNuc (Fig. 2A and table S2). Notably, ApmFNuc
protein was unstable when expressed alone and required coexpres-
sion with its fRNA for protein stabilization and accumulation (fig.
S4), similar to the instability of TnpB in the absence of ωRNA (4, 6).
We purified the fRNA-ApmfNuc RNP and sequenced the RNA
component of the complex. Small RNA sequencing revealed en-
riched coverage between the 30 ends of the protein ORF and the
IRR, in agreement with the evolutionary conservation across the
region (Fig. 2B).

Testing RNP cleavage activity required both the engineering of a
reprogrammed fRNA and the determination of any sequence pref-
erences, akin to the target adjacent motif (TAM) in the case of TnpB
and IscB (4, 6). We combined a 30-terminal 21-nt targeting se-
quence with the fRNA scaffold determined through RNA profiling
to engineer a synthetic fRNA, coexpressed the synthetic fRNA and
ApmFNuc in E. coli, and isolated the reprogrammed RNP complex.
To determine potential sequence preferences of ApmFNuc, we
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tested cleavage on a DNA target containing a randomized 7-nt
TAM 50 of a 21-nt target region complementary to the fRNA target-
ing sequence. We coincubated this TAM library with purified
ApmFNuc RNPs containing either targeting or scrambled synthetic
fRNA guide sequences and profiled the relative depletion of se-
quences with next-generation sequencing (NGS). TAM depletion
analysis revealed a strong 50 GGG motif adjacent to the target site
(Fig. 2, C and D). We validated robust ApmFNuc activity on all pos-
sible NGGG TAMs, with no detectable cleavage of sequences
lacking the TAM (Fig. 2E). In contrast to the G-rich ApmFNuc
TAM, TnpB homologs of ApmFNuc universally prefer an A/T
rich 50 TAM (9). The GGG motif is present at the start of
ApmFNuc MGE sequence and likely contributed to the TAM pref-
erence of ApmFNuc.

Cleavage locations of RNA-guided nucleases vary substantially,
with cleavage sites located either upstream or downstream of the
target sequence. To profile ApmFNuc cleavage patterns, we purified
ApmFNuc reaction products and mapped the locations of the

cleavage ends using Sanger sequencing. Cleavage occurred in the
30 regions of the target sequence, with multiple nicks in both the
target strand (TS) and the nontarget strand (NTS) (Fig. 2F). The
cleavage behavior of ApmFNuc at the 30 end of the target is
similar to the cleavage patterns of Cas12 or TnpB nucleases and
in general agreement with the properties of programmable RuvC
domains (1, 4, 6). We sensitively quantified the relative preference
for these different nicking sites using an NGS-based assay, finding
that during dsDNA cleavage by ApmFNuc, the enzyme generated
nicks in the NTS at positions 19 and 20 and in the TS at positions
15, 18, and 21 with all cleavage occurring inside the target region,
indicating a slightly different cleavage pattern compared to TnpB
nucleases (Fig. 2G).

fRNA-guided DNA endonucleases are present in diverse
eukaryotic genomes
After demonstrating the activity of a viral Fanzor2, we sought to
explore whether Fanzor2 proteins from diverse eukaryotes also

Fig. 2. Viral Fanzor RNPs can be programmed to cleave DNA targets in vitro. (A) Schematic of the method used for identifying the ApmFNuc-associated noncoding
RNA (ncRNA). The ApmFNuc protein is copurified with its noncoding RNA, allowing for the isolation of the noncoding RNA species and identification by small RNA
sequencing. (B) RNA sequencing coverage of the ApmFNuc-1 noncoding RNA region showing robust expression of the noncoding RNA and its guide sequence extending
past the IRR element. (C) Scatterplots of the fold change of individual TAM sequences in a 7N library plasmid relative to input plasmid library distribution with either
ApmFNuc RNP with a targeting fRNA or a nontargeting fRNA. (D) Sequence motif of TAM preference computed from depleted TAMs, showing an NGGG-rich tam pref-
erence. (E) Biochemical validation of individual ApmFNuc TAM sequences including four preferred TAMs (TGGG, AGGG, CGGG, and GGGG) as well as 3 non-TAM sequenc-
es and 1 nontargeting sequence. ApmFNuc RNP is incubated with DNA targets containing each of these sequences, and cleavage is visualized by gel electrophoresis on
6% TBE gel. (F) Sanger sequencing traces of ApmFNuc RNP cleavage on the 50 CGGG TAM target, showing cleavage downstream of the guide target. (G) NGS mapping of
the TAM cleavage by ApmFNuc via NEB adaptor ligation. Cleavage products from in vitro cleavage reactions were prepared for sequencing via ligation of sequencing
adaptors and PCR before NGS. Reads were aligned to the TAM target to map cleavage locations. Two separate reactions were ran in parallel with and without addition of
ApmFNuc RNP. The cleavage products were amplified in both 50 and 30 directions with F denoting 30 direction and R denoting the 50 direction.
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are active RNA-guided nucleases. To this end, we chose three
Fanzor2 representatives from three animals and a Fanzor 1 repre-
sentative from a plant: (i) Fanzor2 from Mercenaria mercenaria
(Venus clam; MmFNuc), (ii) Fanzor2 from Dreissena polymorpha
(Zebra mussel; DpFNuc), (iii) Fanzor2 from Batillaria attramenta-
ria (Japanese mud snail; BaFNuc), and (iv) Fanzor 1 from Klebsor-
midium nitens (freshwater green algae; KnFNuc) (Fig. 3A).
MmFNuc, DpFnuc, BaFnuc, and KnFNuc are all represented by
multiple copies in the respective organisms, with 7, 24, 5, and 5
copies per genome, respectively (Fig. 3A and fig. S5A), suggesting
recent mobility of their associated transposons. We cloned con-
structs for coexpression of the fRNA and Fanzor nuclease in a
cell-free transcription/translation system, allowing for isolation of
the resulting RNPs to study their fRNA sequences and cleavage ac-
tivity (Fig. 3B). We affinity-purified the RNPs and sequenced the
bound fRNAs, demonstrating that all four Fanzors copurified
with an RNA species derived from the 30 noncoding region abutting
the transposon RE (Fig. 3C). These fRNAs were highly structured
with diverse structural motifs and domains (fig. S5B).

We next challenged a 7N TAM library with MmFNuc, DpFNuc,
BaFNuc, and KnFNuc RNPs with fRNA guide sequences comple-
mentary to the library target, finding strong TAM selection corre-
sponding to TTTA, TA, TTA, and TTA TAMs for MmFNuc,
DpFNuc, BaFNuc, and KnFNuc, respectively (Fig. 3D). Incubation
of RNPs with individual preferred TAMs showed robust cleavage,
validating all four eukaryotic Fanzor enzymes as RNA-guided nu-
cleases (Fig. 3E). As with ApmFNuc, these Fanzors generated mul-
tiple nicks in the top and bottomDNA strands near the 30 end of the
target (Fig. 3F). Specific cleavage sites showed diversity, with
MmFNuc and KnFNuc nicking more upstream and downstream
within the guide target sequence than DpFNuc or BaFNuc
(Fig. 3F). KnFNuc produced highly focused nicks in both the top
and the bottom strands rather than multiple nicks, suggesting
mechanistic differences between Fanzor1 and Fanzor2 nucleases.

Given that ApmFNuc, MmFNuc, DpFNuc, BaFNuc, and
KnFNuc all lack introns, we evaluated an intron-containing
Fanzor1c from the unicellular green alga Chlamydomonas reinhard-
tii (CrFNuc) (fig. S6, A to C). There are six CrFNuc copies in the
genome, and they are all associated with Helitron 2 transposons,
which contain identifiable short target site duplications and asym-
metrical terminal inverted repeats. Small RNA sequencing of a C.
reinhardtii isolate showed strong enrichment of noncoding RNAs
aligning to the 30 untranslated region of the Cr-1 Fanzor mRNA
(fig. S6D), which was strongly conserved across all six copies
CrFNuc-1 (fig. S6, A and B). Computational secondary structure
prediction for the CrFNuc-1 fRNA with the fRNAs of the other
five loci revealed a conserved stable secondary structure with a con-
served upstream region not present in the RNA sequencing trace,
suggesting possible RNA processing of this region to serve as a
guide RNA for CrFNuc-1 (fig. S6, E and F). Searches for similar se-
quences across the C. reinhardtii genome identified 20 additional
distinct but highly conserved copies of the fRNA (fig. S6G). Coex-
pression of CrFNuc-1 either with its native fRNA on the 30 end of
the MGE or a scrambled RNA sequence produced stable RNP only
when coexpressed with its fRNA, similar to ApmFNuc (fig. S6, H
and I). However, when we coincubated the RNP with the 7N ran-
domized TAM library plasmids, we did not detect cleavage, suggest-
ing either failure to reconstitute the RNP activity under our

experimental conditions or a lack of endonuclease activity of the
native CrFNuc-1.

Fanzor nucleases contain a conserved rearranged catalytic
site and lack collateral activity
Alignment of Fanzor nucleases and TnpB members shows that,
compared to themajority of TnpBs, Fanzor nucleases contain a sub-
stitution in the catalytic RuvC-II motif from a glutamate to a cata-
lytically inert residue (proline or glycine) (Fig. 4A). To find TnpBs
clades with this substitution, we searched for similarly modified
RuvC nuclease domains among the TnpBs. We found a similar ap-
parent inactivation of RuvC-II in TnpBs across multiple clades, in-
cluding a monophyletic group, which we termed TnpB2, in contrast
to canonical TnpB1 (Fig. 4, A and B). Given the demonstrated nu-
clease activity of ApmFNuc, we then searched for conserved acidic
residues that could potentially compensate for the RuvC-II–inacti-
vating mutations. All Fanzor proteins and TnpBs with a loss of the
canonical glutamic acid in RuvC-II contained an alternative con-
served glutamate approximately 45 residues away (Fig. 4, A and B).

We compared AlphaFold2-generated structural models of
ApmFNuc, MmFNuc, DpFNuc, BaFNuc, KnFNuc, and a TnpB
from Thermoplasma volcanium GSS1 (TvTnpB) that both contain
a rearranged catalytic site with the cryo–electron microscopy struc-
tures of TnpB from Deinococcus radiodurans R1 (Isdra2) and
Cas12f from uncultured archaeon (UnCas12f) containing the ca-
nonical catalytic site (Fig. 4C and fig. S7A) (10, 11). This compar-
ison showed that the alternative conserved glutamate of Fanzor
nucleases and rearranged TnpB (E467 of ApmFNuc and E323 of
TvTnpB) were in close proximity with the catalytic residues in the
RuvC-I and RuvC-III motifs, suggesting that these alternative, con-
served glutamates compensate for the mutation in RuvC-II (Fig. 4C
and fig. S7A).

To test the predicted role of the conserved alternative glutamate
in Fanzor activity, we purified two ApmFNuc RNP with mutations
at predicted catalytic sites in RuvC-I (D324A) or the alternative glu-
tamate in RuvC-II (E467A) (fig. S7, B to D). While the D324A
mutant showed no change in the RNP stability during protein pu-
rification, we noticed a substantial decrease in the expression of the
E467A mutant relative to the wild-type protein (fig. S3B). We com-
pared the cleavage efficiencies of these mutants with that of the
wild-type ApmFNuc and found, in agreement with the nuclease
mechanism, that both RuvC-I and RuvC-II mutants abolished
ApmFNuc cleavage activity (Fig. 4D). Thus, the alternative
Fanzor glutamate is indeed essential for the nuclease activity. Activ-
ity required a temperature range of 30° and 40°C for optimal activ-
ity, similar to other mesophilic RuvC nucleases, needed complexing
with magnesium or a compensatory metal ion, and was robust
across a range of salt concentrations (fig. S7, E to G).

We profiled the activity of the TnpB2, TvTnpB, to determine
whether these rearranged TnpBs were similarly active. We isolated
TvTnpB RNPs by coexpressing the enzyme with its native locus in
E. coli and profiled associated noncoding RNA by NGS (fig. S8).
Expression of the noncoding RNA species mapped proximal to
the RE element, similar to other TnpB systems (Fig. 4E and fig.
S9A). Applying our TAM assay by coexpressing TvTnpB with a syn-
thetic ωRNA containing a reprogrammed 21-nt spacer, incubating
the RNP with a 7N TAM library plasmid, and sequencing the cleav-
age products, we found strong enrichment of a TGAC motif near
the 50 target spacer sequence (Fig. 4F). Notably, this TGAC motif
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Fig. 3. Eukaryotic Fanzor orthologs are widespread across eukaryotic kingdoms, associate with fRNAs, and are RNA-guided nucleases. (A) Locus schematics of
four eukaryotic Fanzor systems from M. mercenaria, Dreseinna polymorpha, B. attramentaria, and K. nitens. WED, REC, and RuvC domains are identified by sequence and
structural alignment with Isdra2 TnpB (11). (B) Schematic of screening for fRNA expression, TAM, activity, and cleavage locations via cell-free transcription/translation.
RNA-seq, RNA sequencing. (C) Left: Small RNA sequencing of the MmFNuc locus showing expression of a noncoding RNA species extending outside the ORF. Middle:
Weblogo visualization of the TAM sequence preference of MmFNuc identified by adaptor ligation assay on a 7N TAM library incubated with MmFNuc protein and fRNA.
Right: Validation of MmFNuc cleavage by incubating the MmFNuc RNP with its correct TTTA TAM, four mutated TAMs, and a nontargeted plasmid. (D) Small RNA se-
quencing of the MmFNuc, DpFNuc, BaFNuc, KnFNuc, and loci showing expression of a noncoding RNA species extending outside the ORF. (E) Weblogo visualization of
the TAM sequence preference of tested Fanzors identified by adaptor ligation assay on a 7N TAM library incubated with RNP. (E) Validation of Fanzor cleavage by incu-
bation of RNP with their corresponding TAM, four mutated TAMs, and a nontargeted plasmid. (F) NGS mapping of the cleavage positions by MmFNuc, DpFNuc, and
BaFNuc via NEB adaptor ligation of cleaved DNA targets that were incubated with the respective RNP complexes. Cleavage products from in vitro cleavage reactions were
prepared for sequencing via ligation of sequencing adaptors and PCR before NGS. Reactions were performedwith andwithout addition of each Fanzor RNP. The cleavage
products were amplified in both 50 and 30 directions with F denoting 30 direction (top) and R denoting the 50 direction (bottom).
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Fig. 4. Rearranged RuvC catalytic residues enable Fanzor and TnpB on-target cleavage without collateral activity. (A) Alignment of the RuvC domains of Fanzor
and TnpB nucleases (TnpB2) showing the alternative glutamate in RuvC-II versus the canonical glutamate that is typically observed in TnpB nucleases (TnpB1). (B) Phy-
logenetic tree of TnpB and Fanzor proteins, showing TnpBs and Fanzor nucleases with rearranged catalytic sites. (C) Predicted AlphaFold2 structure of ApmFNuc and
TvTnpB compared with the solved structures of Isdra2TnpB and Uncas12f, showing that despite having a rearranged glutamate in the RuvC catalytic domain, the catalytic
aspartates and glutamates form a putative active catalytic triad (red residues). Domains identified are highlighted in specific colors, and the disordered N-terminal region
is colored dark gray. PDB, Protein Data Bank. (D) ApmFNuc RNP purified with either targeting (T) or nontargeting (NT) fRNAs as well as two catalytic dead ApmFNuc
mutants (D324A and E467A) is tested on either a plasmid containing the correct target spacer DNA sequences, or a scrambled DNA sequence containing the 50 TAM
TGGG. EDTA is added in lane 5 to quench the cleavage reaction. (E) Schematic of the T. volcanium GSS1TnpB (TvTnpB) system, including the TnpB with a rearranged
catalytic site, associated IS605 TnpA, and the LE and RE elements. (F) Sequence logo of the TAM for TvTnpB. (G) Biochemical validation of individual TAM preference by
TvTnpB showing that the cleavage by TvTnpB is TAM (NTGAC) specific. TvTnpB RNP is incubated with targets containing different 50 TAMs, and cleavage is visualized by
gel electrophoresis. (H) ApmFNuc, TvTnpB, MmFNuc, DpFNuc, BaFNuc, and Isdra2TnpB DNA collateral cleavage activity are measured using an single-stranded DNA
fluorescent reporter, showing a lack of collateral activity for nucleases with the rearranged glutamic acid in RuvC-II. Deoxyribonuclease I (DNase I) is used as a positive
nuclease control for collateral cleavage activity. a.u., arbitrary units.
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is also present at the 50 end of the left end (LE), marking the begin-
ning of the TvTnpB-encoding transposon. Because T. volcanium is
a thermophile, we optimized in vitro cleavage efficiency over a range
of temperatures and determined the optimal temperature for cleav-
age at the TGAC TAM at 60°C (fig. S9B). We validated all four pos-
sible NTGAC TAM sequences along with four negative TAM
sequences and found TAM-specific cleavage, similar to other
Fanzors and TnpB nucleases (Fig. 4G). We profiled the ends of
the cleavage products with NGS, mapping the cleavage position
to position 22 in the nontargeting strand and positions 21 and 22
in the targeting strand (fig. S9C), with a similar cleavage pattern
found by Sanger sequencing (fig. S9D).

Although the rearranged RuvC catalytic site of the Fanzors and
TnpB2 did not affect on-target cleavage, we hypothesized that it
could affect the collateral cleavage activity of the enzyme (8, 12).
We profiled ApmFNuc, MmFNuc, DpFNuc, BaFNuc, TvTnpB,
and the canonical TnpB Isdra2TnpB for either RNA or DNA col-
lateral cleavage activity by coincubating the RNP complexes with
their cognate targets along with either RNA or DNA cleavage re-
porters, single-stranded nucleic acid substrates functionalized
with a quencher and fluorophore that become fluorescent upon nu-
cleolytic cleavage.We found that, while all nucleases had similar on-
target cleavage efficiencies (fig. S9E), the Fanzor orthologs and
TvTnpB lacked detectable collateral DNA and RNA cleavage activ-
ity in contrast to the strong collateral cleavage activity Isdra2TnpB
(Fig. 4H and fig. S9F) (4).

Fanzor nucleases contain nuclear localization signals and
are functional for mammalian genome editing
As eukaryotic RNA-guided endonucleases would need to enter the
nucleus to access their genomic targets, we hypothesized that
Fanzor nucleases might have harbor nuclear localization signals
(NLS) to actively cross the nuclear membrane. In the AlphaFold2-
predicted structures of ApmFNuc, we identified a disordered region
of 64 amino acids at the N terminus (Fig. 5A). Computational pre-
diction of the NLS identified a strong, positively charged NLS
within the N-terminal region of ApmFNuc (fig. S10A).

To evaluate the localization of ApmFNuc and its NLS, we fused
superfolder green fluorescent protein (sfGFP) to the N terminus of
ApmFNuc and attached the N-terminal portion of ApmFNuc con-
taining the NLS to either the N terminus or C terminus of sfGFP.
We visualized sfGFP localization via fluorescent microscopy,
finding that sfGFP with the NLS from ApmFNuc fused to either
terminus had strong nuclear localization (Fig. 5B). Fusion of
sfGFP with the complete ApmFNuc also caused strong nuclear lo-
calization of sfGFP (Fig. 5B). These results suggest that ApmFNuc
indeed contains a functional NLS, likely acquired after the capture
of TnpBs by eukaryotes.

We next performed a broad search for Fanzor-encoded NLS se-
quences by analyzing each Fanzor ORF for a predicted NLS. We
found that across all Fanzor families, ~60% of ORFs had readily
identifiable NLS sequences, on par with the prediction accuracy
of a validated set of NLS-containing proteins (13) and substantially
greater than the fraction of NLS sequences predicted for cytosolic
human proteins (fig. S10, B to D). We selected a subset of 22
Fanzors across Fanzor1 and Fanzor2 families with predicted N-ter-
minal NLS sequences and screened these proteins by fusing the N-
terminal 100 amino acids of each Fanzor ortholog to sfGFP, trans-
fecting this panel into human embryonic kidney (HEK) 293FT cells,

and visualizing sfGFP distribution. We found that 21 of 22 predict-
ed N-terminal NLS sequences were functional for nuclear localiza-
tion in mammalian cells, with varying nuclear localization
efficiencies (Fig. 5C and fig. S10E). This experimental validation
of the predicted NLS domains shows that Fanzor nucleases acquired
mechanisms for nuclear import to access the genome and perform
their genomic functions.

We next tested whether Fanzor nucleases could be adopted for
mammalian genome editing by codon-optimizing ApmFNuc,
DpFNuc, MmFNuc, and BaFNuc for mammalian expression and
engineering their fRNA guide scaffolds for optimal U6-based ex-
pression in mammalian cells by removing poly-U stretches (fig.
S11). We designed a reporter plasmid carrying the 21-nt target
matching the fRNA guide and evaluated editing by NGS of gener-
ated insertions and deletions (indels). DpFNuc, MmFNuc, and
ApmFNuc with engineered fRNAs had detectable editing activity,
with DpFNuc and MmFNuc, achieving ~0.5 to 1% editing on plas-
mids inside human cells (fig. S12, A to D). We analyzed the indel
patterns of DpFnuc and MmFNuc and found 2- to 35-bp deletions
near the 30 end of the target site (fig. S12, E and F), similar to the
indel cleavage patterns of other programmable RuvC containing
nucleases, such as Cas12 or TnpB (1, 4, 6). Because DpFNuc and
MmFNuc displayed the highest levels of plasmid editing, we de-
signed a panel of guides against seven endogenous genomic
targets (Fig. 5D) and found varying levels of editing, from ~0.5 to
15% (Fig. 5, E and F), validating Fanzors as RNA-guided nucleases
with activity in mammalian cells. As with plasmid editing, editing
outcomes were primarily large deletions, ranging in size from 1 to
25 bp (Fig. 5, G to J). To evaluate whether Fanzor1 orthologs are also
functional for genome editing, we also tested KnFNuc’s editing ef-
ficiency and found editing up to 2% across multiple endogenous
genomic targets (fig. S13), showing that both Fanzor1 and
Fanzor2 nucleases can be reprogrammed for human
genome editing.

DISCUSSION
RNA-guided DNA endonucleases are prominent in prokaryotes in-
cluding roles in innate immunity mediated by prokaryotic Argo-
nautes (14), adaptive immunity by CRISPR systems (15–17),
RNA-guided transposition by CRISPR-associated transposases
(18, 19), and still uncharacterized functions of OMEGA nucleases
in transposon life cycles (4, 6). In eukaryotes, whereas RNA-guided
cleavage of RNA is the cornerstone of the RNA-interference defense
machinery and posttranscriptional regulation (20, 21), RNA-guided
cleavage of genomic DNA has not been demonstrated, to our
knowledge. We show here that the Fanzors, previously uncharacter-
ized eukaryotic homologs (5) of the OMEGA effector nuclea-
seTnpB (6), are RNA-guided, programmable DNA nucleases.
Saito et al., have characterized Fanzor nucleases biochemically,
solved the structure of Fanzor1, and engineered the nucleases for
mammalian genome editing (22). We also extensively searched
diverse genomes of eukaryotes and their viruses to discover thou-
sands of additional RuvC-containing Fanzor nucleases, providing
the starting point for further exploration of this family of proteins.

Phylogenetic analysis of the Fanzors together with their closest
TnpB relatives revealed five major Fanzor families, which all
contain Fanzor nucleases interspersed with prokaryotic TnpBs, sug-
gesting that TnpBs entered the eukaryotic genomes on multiple,
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Fig. 5. Fanzor nucleases contain NLS and havemammalian genome editing activity. (A) Schematic of ApmFNuc showing the split RuvC domain and the predicted N-
terminal NLS. NLS is colored in red, and the catalytic triad is shown as red space filling residues inside the cyan RuvC domain on the AF2-predicted ApmFNuc structure. (B)
Confocal images of unmodified sfGFP, the predicted ApmFNuc NLS fused to sfGFP on either the N-terminal or C-terminal end, and sfGFP fused directly to the N terminus
of ApmFNuc transfected into HEK293FT cells and stained with SYTO Red nuclear stain. Images display the nuclear stain (red), GFP signal (green), and a merged image.
Scale bars, 10 μm. FITC, fluorescein isothiocyanate. (C) A quantitative analysis of 22 predicted Fanzor NLS sequences. Putative NLS sequences are fused to the N terminus
of sfGFP, and the nuclear to cytoplasmic ratio of GFP fluorescence is quantitated (n = 3, *P < 0.01; one-way ANOVAwith false discovery rate correction). (D) Schematic of
Fanzor nucleases adapted for genome editing in mammalian cells. (E) The indel formation rates generated by MmFNuc across seven selected endogenous loci. For each
locus, two fRNA guide sequences were tested, and a nontargeting guide is used as a negative control. (F) The indel formation rates generated by DpFNuc across seven
selected endogenous loci. For each locus, two fRNA guide sequences were tested, and a nontargeting guide is used as a negative control. (G) Insertion and deletion rates
at each base inside the quantification window generated by MmFNuc at the CXCR4 genomic locus. (H) Insertion and deletion rates at each base inside the quantification
window generated by DpFNuc at the GRIN2b genomic locus. (I) Representative indel reads formed byMmFNuc at the CXCR4 genomic locus. (J) Representative indel reads
formed by DpFNuc at the GRIN2b genomic locus. WT, wild type.
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independent occasions. Considering the high abundance of TnpBs
in bacteria and archaea, and their mobility, along with the exposure
of unicellular eukaryotes to bacteria, this apparent history of multi-
ple jumps into eukaryotic genomes does not appear unexpected.
Furthermore, given the widespread of Fanzors in eukaryotes, to-
gether with the near ubiquity of TnpBs in bacteria and archaea, it
appears likely that TnpBs were originally inherited from both ar-
chaeal and bacterial partners in the original endosymbiosis that trig-
gered eukaryogenesis (23). Subsequent events of TnpB capture by
eukaryotes could occur via additional endosymbioses as well as
sporadic contacts with bacterial DNA. Notably, however, the high
intron density in many Fanzors implies their long evolution in
many groups of eukaryotes. The history of Fanzor2, however, is
quite distinct from the four Fanzor1 families. This variety of
Fanzors are enriched in viruses and in IS607 transposons and are
far more closely similar to TnpB than members of other Fanzor
families, suggesting likely origin from phagocytosis of TnpB-con-
taining bacteria by amoeba and subsequent spread via amoeba-
trophic giant viruses (24).

Association of Fanzor nucleases with transposases suggests a role
for their RNA-guided nuclease activity in transposition similarly to
the case of TnpB. The exact nature of that role, however, remains
unknown. TnpB has been reported to boost the persistence of the
associated transposons in bacterial populations (25, 26). TnpB and
Fanzors potentially could perform different mechanistic roles in
transposon maintenance. In particular, these RNA-guided nucleas-
es could target sites from which a transposon was excised, initiating
homology-directed repair through a transposon-containing locus,
restoring the transposon in the original site and thus serving as
an alternate mechanism of transposon propagation (26). The asso-
ciation of TnpBs and Fanzors with diverse types of transposases
suggests that the function(s) of the RNA-guided nucleases do not
strictly depend on the transposition mechanism.

Our biochemical characterization of both viral and eukaryotic
Fanzor nucleases revealed both similarities with the homologous
TnpB andCas12 RNA-guided nucleases and several notable distinc-
tions. Like TnpB and Cas12, Fanzor nucleases generate double-
stranded breaks through a single RuvC domain and cleave the
target DNA near the 30 end of the target. However, unlike canonical
TnpB and Cas12 enzymes, which have strong collateral activity
against free single-stranded DNA, Fanzor nucleases and a subset
of related TnpBs contain rearranged catalytic sites that are not con-
ducive to collateral activity. In contrast to the T-rich TAMs of TnpB
and PAMs of Cas12, the Fanzor TAM preference is diverse, with a
GC preference observed for the viral ApmFNuc and A/T rich pref-
erences for the eukaryotic MmFNuc, DpFNuc, and BaFNuc. In
some cases, the TAM preference agrees with the insertion site se-
quence, which is compatible with the role of Fanzors in transposi-
tion. Last, the fRNA of Fanzors overlaps with the transposon IRR
and terminal inverted repeat (TIR), much like TnpB’s ωRNA, but
extends farther downstream of the Fanzor ORF, in contrast to the
ωRNAs that ends near the 30 regions of the TnpB ORF. Further-
more, although the Fanzor nucleases originated from TnpB, some
features of these eukaryotic RNA-guided nucleases notably differ
from those of the prokaryotic ones, reflecting their adaptation func-
tioning in eukaryotic cells, such as the acquisition of introns and
functional NLS sequences for nuclear localization.

We demonstrate that Fanzor nucleases can be applied for effi-
cient genome editing with detectable cleavage and indel generation

activity in human cells. While the Fanzor nucleases are compact
(~600 amino acids), which could facilitate delivery, and their eu-
karyotic origins might help to mitigate the immunogenicity of
these nucleases in humans, additional engineering is needed to
further improve the activity of these systems in human cells, as
has been accomplished for other miniature RNA-guided nucleases
such as Cas12f (27–30). The broad distribution of Fanzor nucleases
among diverse eukaryotic lineages and associated viruses suggests
that many more currently unknown RNA-guided systems could
exist in eukaryotes, serving as a rich resource for future characteri-
zation and development of new biotechnologies.

MATERIALS AND METHODS
Computational discovery of Fanzor systems
A profile of the Fanzor RuvC domain (Fanzor profile) was con-
structed by aligning the previously discovered Fanzor proteins
(seed sequences) with MUSCLE v5 (-align), extracting the RuvC
domain, and building a profile HMM with hmmbuild (default
options) from the HMMER v3 suite of programs. An initial set of
putative Fanzor proteins was gathered by searching all annotated
proteins and translated ORFs (stop codon to stop codon) longer
than 100 residues in NCBI eukaryotic and viral assemblies (one as-
sembly per species) as well as all full-length proteins annotated on
eukaryotic and viral sequences in GenBank (hmmsearch -E 0.001 -Z
61295632). To predict introns in Fanzor ORFs, AUGUSTUS v3.5.0
and Spaln v2.4.13f were applied to the genomic region containing
the ORF (10 kb upstream/downstream). AUGUSTUS was used for
ab initio gene prediction when there was an available parameter set
of the same class as the target species. Tantan was used to soft-mask
the genome before gene prediction using an “-r” parameter of 0.01 if
the genome AT fraction was less than 0.8 and 0.02 otherwise (with
the suggested scoring matrix for AT-rich genomes). Spaln was used
to splice-align Fanzor proteins to the Fanzor ORFs (default
options). The protein query set for Spaln was generated by searching
UniClust90 and GenBank eukaryotic proteins with the Fanzor
profile. The Fanzor profile was iteratively refined by repeatedly
searching the initial set of proteins (hmmsearch -E 0.0001 –domE
1000 -Z 69000000), extracting the RuvC domain, clustering with
MMseq2 (--min-seq-id 0.5 -c 0.9), aligning the cluster representa-
tives with the profile seed sequences, manually refining the align-
ment, building a new profile, and using the new profile for the
next round. Three rounds of refinement were completed. The
refined profile was used for a final round of searches, and clusters
that would have been included in the profile were kept for the sub-
sequent filtering steps. To reduce the likelihood of including
genome assembly contaminants in downstream analysis, all
Fanzor proteins from NCBI assemblies marked as contig level com-
pleteness or those originating from contigs shorter than 50 kb (only
from assemblies) were discarded. The remaining sequences were
clustered using a combination of Diamond v2.1.6 (--evalue 0.0001
--id 70 --query-cover 90 --subject-cover 90 --max-target-seqs 500
--comp-based-stats 3) and MCL (-I 4.0). Each cluster was aligned
with MUSCLE, and a consensus sequence was computed using a
custom Python script. The RuvC domains were extracted from
each consensus sequence, and all aligned with MUSCLE. The align-
ment was manually inspected and filtered to yield a final set of
Fanzor sequences.
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Computational discovery of TnpBs
A profile HMM was constructed from a multiple sequence align-
ment of subsets of Fanzor and used to query a custom database of
prokaryotic and metagenomic assemblies using HMMER (-E
0.0001 -Z 61295632). Sequences identical to another sequence
were discarded, and the remaining were clustered with MMseqs2
(--min-seq-id 0.7 -c 0.9 -s 7). The split-RuvC domain was extracted
from each cluster representative and further clustered with
MMseqs2 (--min-seq-id 0.5 -c 0.9 -s 7) for a two-step clustering
process. These split-RuvC domain cluster representatives were
aligned with MUSCLE, and sequences without alignment to the
conserved DED motif were discarded.

Phylogenetic analysis of Fanzors and TnpBs
To make a phylogenetic tree of TnpB and Fanzor sequences, the
split-RuvC domain was extracted from every Fanzor consensus se-
quence and aligned to the split-RuvC domain of a 3k random subset
of the two-step clustered TnpB representatives using MUSCLE
(-super5). Sequences appearing to be fragments were discarded
from the alignment, and the remaining sequences were realigned.
An approximately maximum-likelihood phylogenetic tree was con-
structed with FastTree2 (-lg -gamma). All branches with a local
support value (as computed by FastTree) less than 0.7 were col-
lapsed, and the tree rooted at the midpoint. The subsequent tree
was visualized with R and the ggtree suite of packages.

Prediction of NLS in Fanzors
NLStradamus was used with default threshold at 0.6 and model
option 2 (four-state bipartite model) to predict NLS domains. For
background false-positive rate determination, a comprehensive
search on UniProt is performed by looking for homo sapiens cyto-
solic proteins (with reviewed status), and a total of 1126 proteins are
pulled out for analysis. For on-target false-negative rate determina-
tion, the original set of training sequences that include known NLS
containing proteins fromNLStradamus is used (13). NLS sequences
cloned for experimental testing are listed in table S3.

Prediction of transposon associations with Fanzor systems
A random forest selective binary classifier (RFSB) transposon clas-
sifier (31) was used to classify Fanzor-transposon associations by
inputting the surrounding 10-kb genomic sequence around the
Fanzor protein. The classify mode was used with default parameters
to make the prediction. Afterward, all predicted DNA transposons
were mapped back to the phylogenetic tree. For all Fanzor nucleases
that were classified with transposons, cd-hit was used to cluster
these sets of Fanzor proteins with default parameters to find any
clusters with two or more sequences for multiple sequence align-
ments. Then, these clusters containing (>2 Fanzor systems) were
blasted against all Repbase-documented transposons (32). LE and
RE elements, TIR, and their associated transposons are then deter-
mined by either protein homology to known transposons in
Repbase or high similarity of TIR/LE/RE element to known trans-
poson profiles.

Prediction of Fanzor-associated noncoding RNA
Fanzors that were not simply ORF translations were clustered along
their entire length at 70% sequence identity and 95% coverage with
MMseqs2 (--min-seq-id 0.7 -c 0.95). Each cluster with at least two
sequences was subject to noncoding RNA prediction. For each

cluster, the 50 region of the first exon plus 1.5 kb upstream bases
and 30 region of the last exon plus 1.5 kb downstream bases were
cut from sequence. The 50 and 30 regions were aligned separately
with MAFFT (default options). Each column of the alignment
was scored for conservation, and the change point in conservation
scores was predicted with the R changepoint package to detect a
drop in conservation. If the predicted change point was found to
be at least 13 bases outside of the exon boundary of every sequence
in the alignment, then the conserved portion of the exon, plus 11
bases past the change point, was folded with RNAalifold from the
ViennaRNA software suite.

Fanzor and TnpB protein purification
To purify Fanzor or TnpB protein, Rosetta2 DE3 pLys cells were
transformed with a twin-strep-sumo tag fused to the N terminus
of a Fanzor or TnpB construct along with the predicted fRNA/
ωRNA driven by a separate vector. Following transformation,
single colonies were picked from the agar plate containing antibiot-
ics and picked into a starter culture of 10 ml for overnight incuba-
tion at 37°C. The starter culture was transferred to 2 liters of TB with
the designated antibiotics and grown until the optical density
reached between 0.6 and 0.8. The culture was moved to 4°C for
30 min before induction with 0.5 mM isopropyl-β-D-thiogalacto-
pyranoside induction. The cultures were then grown at 16°C over-
night and harvested by centrifugation the next day. The pellet is
then flash-frozen at −80°C and subsequently homogenized in
lysis buffer [0.02 M tris-HCl (pH 8.0), 0.5 M NaCl, 1 mM dithio-
threitol (DTT), and 0.1 M cOmplete, EDTA-free Protease Inhibitor
Cocktail (Merck Millipore)] with high-pressure sonication for 15
min. The homogenized lysates are then centrifuged at 14,000 rpm
for 30min at 4°C. The clarified supernatant is isolated from the sub-
sequent bacterial pellet and incubated with Strep-TactinXT 4Flow
high-capacity resin (catalog no. 2-5030-010) for 1 hour. Following
incubation, the crude solution is loaded onto a Glass Econo-
Column Column for gravity flow chromatography and washed
three times with the previously described lysis buffer. To elute
tagged protein, 10 U of sumo protease is then added onto the
column for on-column cleavage overnight at 4°C. The next day,
the eluent is collected and concentrated through an Amicon
Ultra-15 Centrifugal Filter (catalog no. UFC9030) before continu-
ing to fast protein liquid chromatography (FPLC). To purify desired
protein from added sumo protease, the concentrated eluent is
loaded onto a Superdex 200 Increase 10/300 GL gel filtration
column (GE Healthcare). The column was equilibrated with
running buffer [10 mM Hepes (pH 7.0 at 25°C), 1 M NaCl, 5
mM MgCl2, and 2 mM DTT]. The Peak fractions containing RNP
are pulled and analyzed by SDS–polyacrylamide gel electrophoresis.
Correct fractions are concentrated again with Amicon filter tubes,
and subsequently, buffer is exchanged into storage buffer [0.02 M
tris HCL (pH 8), 0.25 M NaCl, 50% glycerol, and 2 mM DTT] and
stored at −20 for further use. TnpB proteins follow the same puri-
fication procedure with the following modifications: T7 express
[New England Biolabs (NEB)] pLys strain is used for transforma-
tion and subsequent culture.

Cell-free transcription/translation TAM screen
Fanzor protein sequences were E. coli codon–optimized using the
Integrated DNA Technologies (IDT) codon optimization tool,
and fRNA scaffolds were synthesized by IDT eBlock gene
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fragments. Cell-free transcription/translation reactions were carried
out using the PURExpress In Vitro Protein Synthesis Kit (NEB) as
per the manufacturer’s protocol with half-volume reactions, using
75 ng of template for the protein of interest, 125 ng of template for
the corresponding fRNA or ωRNAwith a guide targeting the TAM
library, and 30 ng of TAM library plasmid. Reactions were incubat-
ed at 37°C for 4 hours and then quenched by heating up to 95°C for
15 min and cooling down to 4°C. Ten micrograms of RNase A
(Qiagen) is added followed by a 15-min incubation at 50°C. DNA
was extracted by polymerase chain reaction (PCR) purification, and
adaptors were ligated using the NEBNext Ultra II DNA Library Prep
Kit for Illumina (NEB) using the NEBNext Adaptor for Illumina
(NEB) as per the manufacturer’s protocol. Following adaptor liga-
tion, cleaved products were amplified specifically using one primer
specific to the TAM library backbone and one primer specific to the
NEBNext adaptor with a 10-cycle PCR using NEBNext High Fidel-
ity 2X PCR Master Mix (NEB) with an annealing temperature of
65°C, followed by a second 12-cycle round of PCR to further add
the Illumina i5 adaptor. Amplified libraries were gel extracted,
quantified by qubit (Invitrogen), and subjected to paired-end se-
quencing on an Illumina MiSeq with Read 1 (200 cycles), Index 1
(8 cycles), Index 2 (8 cycles), and Read 2 (80 cycles). TAMs were
extracted, position weight matrix based on the enrichment score
was generated, and Weblogos were visualized on the basis of this
position weight matrix using a custom Python script. All sequenc-
ing primers used are listed in table S4.

In vitro biochemical TAM screen
Purified RNP (1 μM) and 100 ng of the 7N TAM library were incu-
bated at 37°C in NEB buffer 3 for 3 hours. Subsequently, reaction is
purified and analyzed following the same procedure as cell-free
transcription/translation TAM screen. TAM library sequence and
guides used are listed in table S5.

Cell-free transcription/translation cleavage assays
Cell-free transcription/translation reactions were carried out using
the PURExpress In Vitro Protein Synthesis Kit (NEB) as per the
manufacturer’s protocol with half-volume reactions using 75 ng
of template for the protein of interest and a 100 ng of fRNA or
ωRNA. Reactions were incubated at 37°C for 4 hours to allow for
RNP formation and then placed on ice to quench in vitro transcrip-
tion/translation. Fifty to 100 ng of target substrate was then added,
and the reactions were incubated at the specified temperature for 1
additional hour. Reactions were then quenched by heating up to 95°
for 15 min and cooling back down to 50°C for addition of 10 μg of
RNase A (Qiagen) for 10-min incubation. DNA was extracted by
PCR purification using minElute columns (Qiagen) and run on
6% Novex Tris-Borate-EDTA (TBE) gels (Thermo Fisher Scientific)
as per the manufacturer’s protocols, as specified in figures. Gels
were stained with 1× SYBR Gold (Thermo Fisher Scientific) for
10 to 15 min and imaged on a ChemiDoc imager (Bio-Rad) with
optimal exposure settings. Each condition was performed twice
for replicability.

In vitro cleavage assays
dsDNA substrates were produced by PCR amplification of pUC19
plasmids containing the target sites and the TAM sequences. All
ωRNA and fRNA used in the biochemical assays was in vitro–tran-
scribed using the HiScribe T7 Quick High Yield RNA Synthesis kit

(NEB) from the DNA templates purchased from IDT. Target cleav-
age assays performed with Fanzor orthologs contained 10 nMDNA
substrate, 1 μM protein, and 4 μM fRNA in a final 1× reaction buffer
of NEB buffer 3. Assays were allowed to proceed at 37°C for 2 hours,
then briefly shifted to 50°C for 5min, and immediately placed on ice
to help relax the RNA structure before RNA digestion. Reactions
were then treated with RNase A (Qiagen) and Proteinase K
(NEB) and purified using a PCR cleanup kit (Qiagen). DNA was
resolved by gel electrophoresis on Novex 6% TBE polyacrylamide
gels (Thermo Fisher Scientific).

Small RNA sequencing
Heterologous expression in E. coli
Rosetta2 chemically competent E. coli were transformed with plas-
mids containing the locus of interest. A single colony was used to
seed a 5-ml overnight culture. Following overnight growth, cultures
were spun down, resuspended in 750 μl of TRI reagent (Zymo), and
incubated for 5 min at room temperature. Zirconia/silica beads (0.5
mm; BioSpec Products) were added, and the culture was vortexed
for approximately 1 min to mechanically lyse cells. Two hundred
microliters of chloroform (Sigma-Aldrich) was then added, and
culture was inverted gently to mix and incubated at room temper-
ature for 3 min, followed by spinning at 12000g at 4°C for 15 min.
The aqueous phase was used as input for RNA extraction using a
Direct-zol RNA miniprep plus kit (Zymo). Extracted RNA was
treated with 10 U of deoxyribonuclease I (DNase I; NEB) for 30
min at 37°C to remove residual DNA and purified again with an
RNA Clean & Concentrator-25 kit (Zymo). Ribosomal RNA
(rRNA) was removed using the RiboMinus Transcriptome Isolation
Kit for bacteria (Thermo Fisher Scientific) as per the manufactur-
er’s protocol using half-volume reactions. The purified sample was
then treated with 20 U of T4 polynucleotide kinase (NEB) for 6
hours at 37°C and purified again with an RNAClean & Concentra-
tor-25 (Zymo) kit. The purified RNA was treated with 20 U of 50
RNA phosphatase (Lucigen) for 30 min at 37°C and purified
again using an RNA Clean & Concentrator-5 kit (Zymo). Purified
RNAwas used as input to an NEBNext Small RNA Library Prep for
Illumina (NEB) as per the manufacturer’s protocol with an exten-
sion time of 60 s and 16 cycles in the final PCR. Amplified libraries
were gel extracted, quantified by quantitative PCR (qPCR) using the
KAPA Library Quantification Kit for Illumina (Roche) on a
StepOne Plus machine (Applied Biosystems/Thermo Fisher Scien-
tific), and sequenced on an Illumina NextSeq with Read 1 (42
cycles), Read 2 (42 cycles), and Index 1 (6 cycles). Adapters were
trimmed using CutAdapt and mapped to loci of interest using
BWA-align. Reads were visualized using Genious.
Ribonucleoprotein
RNPs were purified as described. One hundred microliters of con-
centrated RNP was used as input. The above protocol was followed
with the following modifications: Three hundred microliters of TRI
reagent (Zymo) and 60 μl of chloroform (Sigma-Aldrich) were used
for RNA extraction.
PureExpress RNPs
Seventy five nanograms of plasmid encoding the fanzor ORF and
125 ng of the plasmid containing the locus were incubated in 1 U
of PURExpress reactions for 4 hours at 37°C. Afterward, the RNP is
affinity-purified using the protocol described above for heterolo-
gous Rosetta cell protein production and subjected to the same
pipeline for small RNA sequencing.

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Jiang et al., Sci. Adv. 9, eadk0171 (2023) 27 September 2023 12 of 15



C. reinhardtii was obtained from the University of Minnesota
(CRC). The algae was lysed in TRIzol with glass beads vigorously
shaken for 2 hours at room temperature. Then, the above protocol
was followed with the following modifications: rRNA was removed
using a plant specific ribominus rRNA depletion kits as per the
manufacturer’s protocol, and the rRNA-depleted sample was puri-
fied using Agencourt RNAClean XP beads (Beckman Coulter)
before T4 Polynucleotide Kinase (PNK) treatment. T4 PNK treat-
ment was performed for 1.5 hours and purified with an RNA
Clean & Concentrator-5 kit (Zymo). Final PCR in the small RNA
library prep contained 10 cycles.

Collateral activity testing
DNase alert and RNase alert were purchased from IDT. RNP (1 μM)
or 10 μl of PureExpress generated RNP and 10 nMDNA target con-
taining either the target spacer or a scramble spacer are diluted in 1×
DNase/RNase alert reaction buffer into 50-μl reactions. The solu-
tion is mixed well in the reaction test tube and subsequently ali-
quoted into 384-well plates. The plates are loaded onto applied
biosystems qPCR machines, and reactions were ran at 37°C for
ApmFNuc2, DrpFNuc2, BaaFNuc2, MemFNuc2, and Isdra2
TnpB and 60°C for TvoTnpB. The SYBR and HEX channel fluores-
cence intensity is recorded every minute for a duration of 60 min.
The intensity is normalized by subtracting the nontarget DNA se-
quence from the target DNA sequence group. A positive control
DNAse (2 μl) and RNAse (2 μl) is ran along with the HEREMES/
TnpB group as a positive control to monitor the assay.

Cloning PAM/TAM libraries
Target sequences with 7N degenerate flanking sequences were syn-
thesized by IDT and amplified by PCR with NEBNext High Fidelity
2× Master Mix (NEB). Backbone plasmid was digested with restric-
tion enzymes (pUC19: Kpn I and Hind III, Thermo Fisher Scien-
tific) and treated with FastAP alkaline phosphatase (Thermo Fisher
Scientific). The amplified library fragment was inserted into the
backbone plasmid by Gibson assembly at 50°C for 1 hour using
2× Gibson Assembly Master Mix (NEB) with an 8:1 molar ratio
of insert:vector. The Gibson assembly reaction was then isopropa-
nol precipitated by the addition of an equal volume of isopropanol
(Sigma-Aldrich), the final concentration of 50mMNaCl, and 1 μl of
GlycoBlue nucleic acid coprecipitant (Thermo Fisher Scientific).
After a 15-min incubation at room temperature, the solution was
spun down at max speed at 4°C for 15 min, then the supernatant
was pipetted off, and the pelleted DNA has resuspended in 12 μl
Tris-EDTA (TE) and incubated at 50°C for 10 min to dissolve.
Two microliters was then transformed by electroporation into
Endura Electrocompetent E. coli (Lucigen) as per the manufactur-
er ’s instructions, recovered by shaking at 37°C for 1 hour, then
plated across five 22.7 cm by 22.7 cm BioAssay plates with the ap-
propriate antibiotic resistance. After 12 to 16 hours of growth at
37°C, cells were scraped from the plates and midi- or maxi-
prepped using a NucleoBond Midi- or Maxi-prep kit (Machery
Nagel). The sequence for TAM libraries and guides used are provid-
ed in table S5.

Cleavage position mapping by NGS
RNP (1 μM) and 100 ng of the target plasmid were incubated at 37°
for 3 hours in NEB buffer 3. Reactions were quenched by placing at
4°C or on ice and adding 10 μg of RNase A (Qiagen) and 8 U

Proteinase K (NEB) each followed by a 5-min incubation at 37°C.
DNA was extracted by PCR purification, and adaptors were ligated
using the NEBNext Ultra II DNA Library Prep Kit for Illumina
(NEB) using the NEBNext Adaptor for Illumina (NEB) as per the
manufacturer’s protocol. Following adaptor ligation, cleaved prod-
ucts were amplified specifically using one primer specific to the
target plasmid (one on 50 side of the cleavage and one on 30 side
of the cleavage) and one primer specific to the NEBNext adaptor
with a 12-cycle PCR using NEBNext High Fidelity 2× PCR
Master Mix (NEB) with an annealing temperature of 63°C, followed
by a second 20-cycle round of PCR to further add the Illumina i5
adaptor. Amplified libraries were gel extracted, quantified by qubit
dsDNA kit (Invitrogen), and subject to single-end sequencing on an
Illumina MiSeq with Read 1 (100 cycles), Index 1 (8 cycles), and
Index 2 (8 cycles). All sequencing primers are listed in table S4.

Confocal images of nuclear localization
The N-terminal predicted NLS sequences of fanzor are cloned onto
N-terminal of sfGFP by Gibson assembly into a pCMV promoter
backbone (NLS sequences cloned are listed in table S3). Twenty
four hours before transfection, 15,000 HEK293FT cells were
plated onto a glass bottom 96-well plates precoated with poly-D-
lysine. One hundred nanograms of NLS-sfGFP construct is trans-
fected into HEK293FT cells using Lipofectamine 3000, and 24
hours after transfection, cells were fixed and permeabilized using
a Fix and Perm kit (Thermo Fisher Scientific) and subsequently
stained by either DAPI or SYTO-Red nuclear stain (Thermo
Fisher Scientific). All wells were measured via confocal microscopy
at room temperature. Cells were focused in the 488-nm channel on
the basis of the sfGFP protein. For each well, a 2 by 2 field of view
image at ×20 magnification was collected under the following set-
tings and stitched around the center point. Images were collected in
488 nm (32.8% power, 100-ms exposure), 359 nm (35.2% power,
100-ms exposure), and 633 nm (80% power, 100-ms exposure).

Mammalian cell culture and transfection
Mammalian cell culture experiments were performed in the
HEK293FT line (Thermo Fisher Scientific) grown in Dulbecco’s
modified Eagle’s medium with high glucose, sodium pyruvate,
and GlutaMAX (Thermo Fisher Scientific), additionally supple-
mented with 1× penicillin-streptomycin (Thermo Fisher Scientific),
10 mM Hepes (Thermo Fisher Scientific), and 10% fetal bovine
serum (VWR Seradigm). All cells were maintained at confluency
below 80%.

All transfections were performed with Lipofectamine 3000
(Thermo Fisher Scientific). Cells were plated 16 to 20 hours
before transfection to ensure 90% confluency at the time of trans-
fection. For 96-well plates, cells were plated at 20,000 cells per well.
For each well on the plate, transfection plasmids were combined
with OptiMEM I Reduced Serum Medium (Thermo Fisher Scien-
tific) to a total of 10 μl.

Mammalian genome editing
fRNA scaffold backbones were cloned into a pUC19-based human
U6 expression backbone, and human codon-optimized Fanzor pro-
teins were cloned into pCAG-based destination vector by Gibson
Assembly. Then, 50 ng of protein expression construct, 50 ng of
the corresponding guide construct, and an optionally 20 ng of lucif-
erase reporter were transfected in one well of a 96-well plate using
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Lipofectamine 3000 transfection reagent. After 48 hours, reporter
DNA was harvested by washing the cells once in 1× Dulbecco’s
phosphate-buffered saline (DPBS) (Sigma-Aldrich) and resuspend-
ed in 50 μl of QuickExtract DNA Extraction Solution (Lucigen) and
cycled at 65°C for 15min, 68°C for 15min and then 95°C for 10min
to lyse cells. Lysed cells (2.5 μl) were used as input into each PCR
reaction. For library amplification, target reporter regions were am-
plified with a 12-cycle PCR using NEBNext High Fidelity 2X PCR
Master Mix (NEB) with an annealing temperature of 63°C for 15 s,
followed by a second 18-cycle round of PCR to add Illumina adapt-
ers and barcodes. The libraries were gel-extracted and subject to
single-end sequencing on an Illumina MiSeq with Read 1 (220
cycles), Index 1 (8 cycles), Index 2 (8 cycles), and Read 2 (80
cycles). Insertion/deletion (indel) frequency was analyzed using
CRISPResso2. All sequencing primers are listed in table S4.
Guides used for genomic target are listed in table S5.

Supplementary Materials
This PDF file includes:
Figs. S1 to S13
Tables S1 to S5
Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Data S1
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