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Many archaea and bacteria adopt CRISPR-Cas (clustered 
regularly interspaced short palindromic repeat and 
CRISPR-associated proteins) systems for adaptive immu-

nity against foreign genetic elements from invading bacteriophages 
and plasmids1. CRISPR-Cas systems are diverse in the numbers and 
configurations of Cas effectors involved in interference. They are 
currently categorized into two distinct classes (class 1 and 2) and 
six major types (I–VI)1. The RNA-guided Cas9 and Cas12a effec-
tors (generally greater than 1,000 amino acids), from type II and 
V CRISPR systems, respectively, have been harnessed as widely 
used genome-editing tools2–9 or as therapeutic medicines for cor-
recting genetic deficiency in clinical use10–12. However, the large size 
of these Cas effectors poses difficulties for their efficient packing 
in cargo-size-limited delivery vehicles, such as adeno-associated  
virus (AAV)13.

Recently, the small CRISPR effectors CasX (Cas12e, 986 amino 
acids) and CasΦ (Cas12j, 700–800 amino acids) were reported as 
functional genome editors in human cells14,15. The type V-F sys-
tems have smaller Cas effector proteins (400–700 amino acids), 
sharing sequence similarity to transposon-encoded TnpB nucle-
ase1. Type V-F effectors were originally considered to be evolu-
tionary intermediates from TnpB to fully fledged type V effectors 
and to be incapable of double-stranded DNA (dsDNA) targeting1. 
Harrington et al.16 designated a subset of type V-F effectors into 
Cas14, and demonstrated the in vitro protospacer adjacent motif 
(PAM)-independent single-stranded DNA (ssDNA) targeting activ-
ity of Cas14a1 (also known as Un1Cas12f1). However, Cas14a1 
failed to interfere with plasmid transformation in bacteria, leading 
to the conclusion that Cas14 may not target dsDNA16. Makarova 
et al.1 updated the nomenclature and grouped these type V-F effec-
tors into Cas12f1 (Cas14a and type V-U3), Cas12f2 (Cas14b) and 
Cas12f3 (Cas14c, type V-U2 and V-U4). Karvelis et al.17 showed 
that Cas12f effectors were capable of in vitro dsDNA targeting in a 
PAM-dependent manner18. However, biochemical characterizations 
on cleaved products by tris borate EDTA–urea polyacrylamide gel 

electrophoresis (TBE-urea PAGE) and run-off sequencing revealed 
inconsistent patterns in dsDNA cleavage17. Moreover, only two 
Cas12f effectors, Acidibacillus sulfuroxidans Cas12f1 (AsCas12f1) 
and Syntrophomonas palmitatica Cas12f1 (SpCas12f1), mediated 
plasmid interference in Escherichia coli among all 10 tested Cas12f 
effectors17. Recently, the complex structure of Cas14a1/single-guide 
RNA (sgRNA)/dsDNA was determined by cryo-EM, revealing a 
unique asymmetric protein dimer configuration to bind one sgRNA 
and target dsDNA, which was fundamentally different from other 
CRISPR-Cas effectors19,20. These studies suggest additional, unchar-
acterized properties and application potentials of the Cas12f effec-
tors, leading us to explore the possibility of using a type V-F effector 
protein as a genome-editing tool.

In this Article, we systemically characterize the biochemical 
properties of a miniature type V-F effector protein, AsCas12f1, 
selected from a previous collection of compact Cas12f nucleases17. 
We demonstrate that the AsCas12f1–crRNA–tracrRNA complex 
efficiently cleaves dsDNA targets when a 5′ T-rich PAM is recog-
nized and its downstream vicinity matches with the guide sequence 
in CRISPR RNA (crRNA), creating asymmetric staggered DNA 
double-stranded breaks (DSBs). We show that AsCas12f1 serves 
as an effective genome-editing tool in E. coli and Klebsiella pneu-
moniae, as well as various human cells via different delivery meth-
ods, including plasmid, ribonucleoprotein (RNP) and AAV. Finally, 
we assess the editing fidelity of AsCas12f1 by using mismatched 
guides and circularization for in vitro reporting of cleavage effects 
by sequencing (CIRCLE-seq), respectively. Taken together, these 
data lay the groundwork for understanding the dsDNA cleaving 
mechanism by miniature Cas12f nucleases and establish the appli-
cation potential of AsCas12f1 as a genome-editing tool.

Results
AsCas12f1 recognizes 5′ T-rich PAMs for dsDNA targeting. We 
started with AsCas12f1 originating from A. sulfuroxidans, with an 
effector size of 49 kDa (422 amino acids), which is less than half 
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the size of most Cas9 and Cas12 effectors (Fig. 1a)2,5,14,15,18. First, 
to identify the PAM specificity of the CRISPR-AsCas12f1 sys-
tem, we transformed a plasmid library containing randomized 
PAM sequences into the E. coli constitutively expressing a mini-
mal CRISPR-AsCas12f1 system (Fig. 1b). Plasmids containing 
valid PAMs for AsCas12f1 were depleted during the process, and 

high-throughput sequencing of the remaining plasmids revealed 
that AsCas12f1 generally recognizes PAMs as 5′-NTTR (where R 
represents A or G; Fig. 1b). To comprehensively show the profile 
of PAM preference by AsCas12f1, −log10(fold change) values of all 
256 four-nucleotide PAMs in the PAM depletion assay were plot-
ted in Fig. 1c. Targeting with AsCas12f1 was most efficient against 
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5′-NTTR PAMs. By contrast, 5′-NTTY (where Y is C or T) PAMs 
were less effective, and the −4 nucleotide affected the targeting activ-
ity following the order T > C > A > G (Fig. 1c and Supplementary 
Fig. 1a,b). In addition, 5′-CTCA and 5′-TTCA were also  
efficient PAMs for AsCas12f1. These findings are slightly different 
from the 5′-TTN PAMs determined by in vitro DNA cleavage for 
AsCas12f1 (ref. 17).

AsCas12f1 is guided by tracrRNA and crRNA. To identify the 
essential RNA components in the CRISPR-AsCas12f1 system, 
small RNA-seq was performed using E. coli expressing a minimal 
CRISPR-AsCas12f1 system. As shown in Fig. 1d, an ~45–48-nt 
mature crRNA and an ~138–144-nt putative trans-activating 
CRISPR RNA (tracrRNA) were identified. The mature crRNA 
contains a 28-nt direct repeat and a following 17–20-nt guide 
sequence. Through RNA secondary structure prediction, a puta-
tive tracrRNA was identified with four stem loops, and its 3′ end 
is mostly complementary to the direct repeat of the mature crRNA, 
possibly forming a tracrRNA–crRNA duplex (Fig. 1e). Like other 
tracrRNA-containing CRISPR-Cas systems (all type II systems and 
some type V systems), a non-Cas RNase III-like ribonuclease most 
likely is responsible for crRNA maturation in the native host as well 
as in many heterologous hosts, such as E. coli and human cells2,14,18. 
Through analytical size-exclusion chromatography (SEC), we 
found that AsCas12f1 can assemble with tracrRNA and crRNA to 
form an RNP complex in vitro (Supplementary Fig. 2a). Moreover, 
AsCas12f1 was unable to exclusively process its cognate pre-crRNA 
in vitro (Supplementary Fig. 2b), which is consistent with the find-
ing in Cas14a1 (ref. 16). For engineering purposes, the tracrRNA and 
the mature crRNA were fused into a sgRNA (sgRNA_v1) by adding 
a connecting tetraloop, which enhanced the dsDNA targeting activ-
ity by AsCas12f1 (Fig. 1e).

Characterization of AsCas12f1-mediated dsDNA cleavage. 
To uncover the biochemical properties of AsCas12f1, we first 
determined the effect of environmental factors on its nucle-
ase activity. Generally, the nuclease activity of AsCas12f1 is 
magnesium-dependent (the optimal concentration ranges from 
5 to 20 mM), NaCl-sensitive (less than 50 mM) and thermophilic 
(optimal temperature from 45 to 60 °C) (Supplementary Fig. 3a–e). 
The optimal spacer length for the maximal in vitro dsDNA cleav-
age activity was 17 bp (Supplementary Fig. 4a,b). Furthermore, by 
truncating the sgRNA_v1, a shortened version, sgRNA_v2, was 
obtained with similar in vitro and in vivo performance compared to 
sgRNA_v1 (Extended Data Fig. 1a–d).

To reveal the dsDNA recognition and cleavage pattern of 
AsCas12f1 in vitro, four 56-nt dsDNA substrates with identical 
sequence and a single FAM label at individual ends were used in 
a time-dependent cleavage assay, and the cleavage products were 
analyzed by denaturing TBE-urea PAGE. As shown in Fig. 1e,f, 

the AsCas12f1-derived DNA break site on the target strand (TS) 
was predominantly located 3 nt downstream from the spacer. For 
the non-target strand (NTS), AsCas12f1 created two DNA breaks. 
The left one was mainly located 12 nt downstream from the PAM, 
while the right one was centered at 5 ± 2 nt downstream from the 
spacer. Interestingly, the cleavage pattern was instantly formed 
rather than generating a time-dependent ladder-like pattern, indi-
cating that a 10- to 15-nt displaced NTS fragment was directly cut 
off from the dsDNA substrate instead of trimming one ssDNA 
end, nucleotide by nucleotide, via its exonuclease activity. Similar 
cutoff event on NTS were also observed in Cas12a nucleases with 
shorter cutoff lengths21. In addition, the run-off sequencing of the 
cleavage product of a plasmid carrying the same target also showed 
consistent results (Fig. 1g). We found that the break site on the 
TS and NTS slightly shifted when the guide length was less than 
18 nt (Supplementary Fig. 4c,d). A similar shift was also observed 
in Cas12a nucleases21. Taken together, AsCas12f1 asymmetrically 
cleaves dsDNA by creating an approximately 11-nt-long 5′ TS over-
hang at the PAM-proximal segment, and a near blunt end for the 
PAM-distal segment (Fig. 1e,h).

Through sequence alignment with other Cas12 family proteins 
and structural modeling, four putative active-site residues were 
identified in the conserved RuvC domain of AsCas12f1 (Extended 
Data Fig. 2a,b). D225A and E324A completely abolished the nucle-
ase activity, whereas R383A and D401A retained minor nickase 
activity for NTS, creating a DNA break 18 nt downstream from the 
PAM (Extended Data Fig. 2c).

In addition to the dsDNA cleaving activity, most Cas12 nucleases 
possess ssDNA-cleaving capacity14,15,22–25. AsCas12f1 also cleaved 
the ssDNA substrate in a PAM-independent manner, and the DNA 
break site was identical to that in dsDNA cleavage. AsCas12f1 also 
trimmed the PAM-distal free ssDNA end from 3′ to 5′ nucleotide 
by nucleotide, generating a time-dependent ladder-like pattern 
(Extended Data Fig. 3a–f). Furthermore, AsCas12f1 possessed 
target-activated collateral ssDNA cleavage activity (Supplementary 
Fig. 5a–c). Similar activities were also observed in Cas14a1 (ref. 16).

AsCas12f1-mediated genome editing in bacteria. Inspired by 
the PAM-dependent plasmid interference activity by AsCas12f1 in 
E. coli, we first sought to explore its programmability for genome 
editing in bacteria. Given that most bacteria lack non-homologous 
end joining (NHEJ) machines to repair a DSB in emergence, the 
majority of bacteria die from the genomic break26. We thus intro-
duced lambda-red recombinases to assist homology-directed repair 
(HDR) and supplemented synthesized single-stranded donor oli-
gonucleotides (ssODNs) as repair templates (Fig. 2a). As shown in  
Fig. 2b, a 136-bp fragment of hisD was deleted in E. coli, disrupt-
ing the de novo biosynthesis of histidine and creating an auxotroph 
phenotype (Fig. 2c). Similarly, a 236-bp fragment of cyaA was 
deleted in E. coli, which slows down the aerobic growth of E. coli 
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in glucose-rich medium (Supplementary Fig. 6a,b)27. In addition, 
this system was also effective in K. pneumoniae, a notorious human 
pathogen with increasing concern given its multidrug-resistant 
nature28. Gene disruptions were achieved on both metabolic and 
drug-resistant genes by deleting fragments ranging from 100 to 
299 bp (Supplementary Fig. 7a–e). Moreover, single nucleotide sub-
stitution in galK was also accomplished, which converts a regular 
codon into a stop codon and eliminates the PAM site for AsCas12f1 
(Supplementary Fig. 7f). These results demonstrate the potential of 
AsCas12f1 for in vivo genome editing.

AsCas12f1 facilitates genome editing in human cells. Motivated 
by the efficient genome editing via AsCas12f1 in bacteria, we sought 
to explore whether AsCas12f1 can be harnessed as a genome-editing 
tool in human cells. An enhanced green fluorescent protein (EGFP) 
reporter assay was designed by introducing two plasmids into 
HEK293 cells. One carried an inactivated EGFP cassette, which was 
frameshifted by inserting a short endogenous fragment sequence 
at the beginning of the EGFP coding sequence (CDS), and the 
other plasmid contained the expression cassettes of the N- and 
C-terminal nuclear localization sequence (NLS)-fused AsCas12f1, 

as well as the sgRNA targeting to the endogenous site on the first 
plasmid (Fig. 3a)29. Insertion or deletion (Indel) generated on the 
target site may restore the frameshifted EGFP cassette. As shown in 
Fig. 3b,c and Extended Data Fig. 4, EGFP was activated by target-
ing seven plasmid carrying endogenous loci with efficiencies rang-
ing from 13.8% to 42.5%. Because these target loci originated from 
the human genome, an endogenous gene disruption assay was per-
formed in HEK293 cells by delivering either a plasmid expressing 
NLS-AsCas12f1-NLS and its sgRNA, or an RNP (Fig. 3d). As shown 
in Fig. 3e, plasmid-derived CRISPR-AsCas12f1 induced indels 
(>1%) in 17 targets among 24 tested loci with a maximal indel effi-
ciency of 32.8%. The plasmid-based gene disruption was also effec-
tive in other cell lines, such as HepG2 and Huh-7 (Supplementary 
Fig. 8a,b). Moreover, the RNP-based delivery system was also effec-
tive for gene editing, but had a lower overall editing efficiency than 
that of the plasmid-based delivery system (Fig. 3e). Next-generation 
sequencing (NGS) of the target loci revealed that AsCas12f1 intro-
duced more deletions than insertions (Fig. 3f,g). The deletion posi-
tion is centered at the TS break site observed in vitro (Fig. 3g).

To our knowledge, AsCas12f1 is currently the smallest 
RNA-guided Cas nuclease functioning in human cell editing. The 
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extremely small size of AsCas12f1 (422 amino acids) enables pack-
aging of both a hU6-driven sgRNA cassette and a cytomegalovirus 
(CMV)-driven NLS-AsCas12f1-NLS-P2A-EGFP expression cas-
sette into a single AAV vector within a cargo size of 3.9 kb (3.1 kb 
without EGFP; Fig. 3h). Using AAV serotype DJ (ref. 30), we tar-
geted locus_1 of the human vascular endothelial growth factor 
A gene (VEGFA) and locus_20 of the programmed cell death 1 
gene (PDCD1) in HEK293, U-2 OS and Huh-7 cells. As shown in  
Fig. 3i,j, AAV-DJ efficiently transduced the CRISPR-AsCas12f1 sys-
tem into human cells and successfully induced indels in the VEGFA 
and PDCD1 genes within all three cell lines with a maximum effi-
ciency of 11.5%.

Finally, we evaluated the mismatch tolerance of 
AsCas12f1-mediated gene editing by tiling 1- or 2-nt mismatches 
across the guide sequence in sgRNAs (Fig. 4a). Owing to the high 
sensitivity of the EGFP activation assay, an internal seed sequence 
was identified near the middle of the target sequence. This finding 
was similar to the previous observations in the mismatched ssDNA 
cleavage by Cas14a1 (ref. 16). However, 1- or 2-nt mismatches sub-
stantially reduced the indel activity of AsCas12f1 on the endoge-
nous locus, indicating that AsCas12f1 exhibited sufficient editing 
fidelity (Fig. 4a). To measure the genome-wide cleavage activity 
of AsCas12f1 directly, we applied CIRCLE-seq31, a highly sensi-
tive in vitro method for identifying off-target cleavage events by 
AsCas12f1. As shown in Fig. 4b–e, CIRCLE-seq analysis identified 
2 and 31 off-target sites for locus_19 of the hexosaminidase sub-
unit alpha gene (HEXA) and locus_8 of the tumor protein 53 gene 
(TP53) cleaved by AsCas12f1, respectively.

Discussion
In this study, we demonstrate that AsCas12f1 is a programmable 
RNA-guided dsDNA nuclease and a bona fide genetic manipula-
tion tool functioning in both bacteria and human cells. Intriguingly, 
Karvelis et al.17 reported inconsistent dsDNA cleavage patterns on 
Cas14a1 (Un1Cas12f1) digested products with two biochemical 
approaches. TBE-urea PAGE analysis indicated 8- to 13-nt-long 
5′ staggered ends crossing the protospacer, and run-off sequenc-
ing revealed 2- to 4-nt-long 5′ staggered ends downstream of the 
protospacer. The authors attributed this contradiction to the dif-
ference in substrate size17. However, cleavage pattern analyses 
by either TBE-urea PAGE using 5′ 32P-labeled short DNA sub-
strates or run-off sequencing can only reveal the break sites of two 
single-strand ends among the four single-strand ends generated by 
a single DSB event. In this study, we utilized four dsDNA substrates 
with identical sequence but singly labeled with FAM at each DNA 
end for a time-dependent cleavage assay, revealing a distinct dsDNA 
cleavage activity whereby AsCas12f1 applies one cut to the TS and 
two further cuts to the NTS. A 10- to 15-nt-long displaced NTS 
fragment is directly cut off from the dsDNA substrate, generating 
cleavage products with asymmetric staggered ends. The structure of 
this cleavage product may facilitate NHEJ-based gene insertion by 
introducing a double-stranded donor oligonucleotide (dsODN) car-
rying sticky ends complementary to the AsCas12f1-mediated DSBs, 
allowing oriented DNA insertion, particularly in non-dividing cells 
whose HDR is temporarily dormant.

NGS revealed another feature, that the AsCas12f1-induced 
indels mainly occurred at the distal end of the protospacer, and a 
reasonable portion of the indels kept the target site intact by only 
changing the downstream sequence. Unlike the Cas9-mediated 
gene editing process, in which most indels generated by NHEJ 
disrupt the target site, AsCas12f1-derived edits can be iteratively 
targeted by the same guide RNA until the target site is eliminated 
by HDR or long-sequence deletion. Such a compact system and its 
minimal PAM requirement offer particular advantages, with both 
easier cellular delivery using cargo-size-limited vectors and a wider 
range of targetable genomic loci, and may serve as a new addition 

to the CRISPR-Cas toolbox and bring new solutions for some chal-
lenges in the field of genome editing.
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Methods
Plasmid construction. Escherichia coli-codon-optimized AsCas12f1, 
human-codon-optimized AsCas12f1 and the non-coding region of the 
CRISPR-AsCas12f1 locus from A. sulfuroxidans were ordered from Sangon 
Biotech. To express the CRISPR-AsCas12f1 system in bacteria, a p15a-based 
plasmid was constructed to carry a rpsL-driven AsCas12f1 and a J23119-driven 
CRISPR non-coding region with a single repeat–spacer–repeat unit, amenable 
to stuffer–spacer exchange by Golden Gate assembly (BsaI-restriction sites). For 
PAM depletion, a plasmid library was constructed as previously described32, 
which contained six randomized nucleotides located at the immediate 5′ 
upstream of a target sequence. For in vitro dsDNA cleavage assay, pUC19-based 
plasmids carrying different PAMs were constructed via circular polymerase 
extension cloning (CPEC)33. For heterologous expression of AsCas12f1 in E. coli, a 
pET28a-based plasmid was constructed with an N-terminal hexa-histidine tag, a 
SUMO tag and an HRV3c recognition site. Two NLSs were inserted onto the N and 
C termini to express NLS-tagged AsCas12f1. Mutations in the RuvC active sites 
were created by CPEC. For bacterial genome editing, a p15a-based rpsL-driven 
AsCas12f1-expressing plasmid was constructed with araBAD-driven lambda-red 
recombinase cassette in two versions, with different antibiotic resistance markers 
(the carbenicillin-resistant marker, blaZ, for E. coli and the apramycin-resistant 
marker, apmR, for K. pneumoniae).The sgRNA_v1 was separately expressed 
on another kanamycin-resistant pSGKP-based plasmid, which is amenable to 
stuffer–spacer exchange by Golden Gate assembly (BsaI-restriction sites). For 
human genome editing, a CMV-driven AsCas12f1 (human-codon-optimized, 
N- and C-terminal NLS tagged)-expressing plasmid was constructed with a 
U6-driven sgRNA_v1 cassette (containing BsaI sites for spacer insertion). For 
EGFP activation, a short endogenous fragment was inserted into a CMV-driven 
EGFP-expressing plasmid at the beginning of the EGFP CDS, causing a 
frameshift of the EGFP open reading frame. For AAV packing, a CMV-driven 
NLS-AsCas12f1-NLS-P2A-EGFP cassette and a U6-driven sgRNA_v1 cassette were 
assembled into an AAV2-based plasmid. Detailed map and sequence information 
for the plasmids used in this study is available in Supplementary Table 1.

PAM depletion assay and analysis. The PAM depletion assay was carried 
out as previously described14. Briefly, 100 ng of the PAM library plasmid was 
electroporated into the E. coli carrying the CRISPR-AsCas12f1 system with a 
spacer targeting the PAM library. Approximately 100,000 colonies were collected 
to ensure appropriate coverage of all possible PAMs. Plasmids were extracted using 
a SPARKeasy Superpure Mini Plasmid Kit (Shandong Sparkjade Biotechnology 
Co.). The amplicon sequencing library was generated by a two-step amplification 
method. The polymerase chain reaction (PCR) products were purified by 1.5× 
VAHTS DNA Clean Beads (Vazyme Biotech Co.) and subjected to Illumina HiSeq 
sequencing (PE150). Sequencing reads were mapped to the reference plasmid 
sequence and PAM sequences were extracted. The abundance of each PAM was 
counted from the aligned reads and normalized to the total reads. The fold change 
of PAM depletion was calculated by the ratio compared to the abundance in 
the control group (using the same plasmid but without targeting spacer). PAMs 
depleted over 10-fold were used to generate a WebLogo.

Small RNA-seq and analysis. The total RNA of the E. coli carrying the 
CRISPR-AsCas12f1 system with a non-targeting spacer was extracted using 
an EasyPure RNA Kit (TransGen Biotech Co.). RNA (15 μg) was treated with 
2 U of DNase I (NEB) for 30 min at 37 °C and subsequently purified by phenol/
chloroform extraction. The DNA-free RNA was then treated with 20 U of T4 
polynucleotide kinase (NEB) for 6 h at 37 °C for 2′-3′-dephosphorylation. The 
reaction was then supplemented with 1 mM adenosine triphosphate (ATP) and 
incubated at 37 °C for another 1 h for 5′-phosphorylation. The T4 polynucleotide 
kinase-treated RNA was subsequently purified by phenol/chloroform extraction 
and treated with 5 U of RppH (NEB) to hydrolyze 5′-pyrophosphate for 1 h at 37 °C. 
The resulting RNA was purified by phenol/chloroform extraction. The quality was 
checked by agarose gel electrophoresis. Pre-treated RNA (5 μg) was used to prepare 
the small RNA library using a VAHTS Small RNA Library Prep Kit for Illumina 
(Vazyme) according to the manufacturer’s instructions, with modifications in 
library amplification using two index primers containing two different 8-nt indices. 
The small RNA library was subjected to Illumina HiSeq sequencing (PE150).  
The sequencing reads were mapped to the reference sequence by HISAT2 (ref. 34) 
after the removal of adaptors and low-quality reads. Total mapped unique reads 
were extracted and sorted using SAMtools35 and the coverage depth of each site 
was calculated.

AsCas12f1 expression and purification. The E. coli BL21(DE3) cells containing 
the pET28a-based AsCas12f1-expressing plasmid were incubated at 37 °C while 
shaking vigorously until the optical density at 600 nm (OD600) reached 0.6. 
The expression of AsCas12f1 was induced by supplementing IPTG to a final 
concentration of 0.25 mM, then incubation was continued at 16 °C overnight. 
Cells were collected by centrifugation and resuspended in buffer A (20 mM 
Tris-HCl, pH 7.5, 1 M NaCl, 15 mM imidazole and 1 mM DTT), then disrupted 
by a French press and clarified by centrifugation. The clear lysate was loaded onto 
a 5-ml HisTrap Ni-NTA column (GE healthcare/Cytiva) pre-equilibrated with 

the same buffer. Unbound proteins were washed away with 10 column volumes 
(CVs) of buffer A with 50 mM imidazole, and the His-tagged AsCas12f1 protein 
was eluted with 5 CV buffer A with 250 mM imidazole. The eluted protein was 
buffer-exchanged by centrifugation to remove imidazole, and subjected to tag 
removal by HRV3c with incubation at 4 °C for overnight. The digested product 
was concentrated to 2 ml and then loaded onto a HiLoad 16/600 Superdex 200-pg 
column (GE healthcare/Cytiva) pre-equilibrated with buffer A containing no 
imidazole. Peak fractions were merged and concentrated to ~1.2 mg ml−1 (~25 μM). 
The whole procedure of protein purification was carried out at 4 °C. The resulting 
protein can be kept at 4 °C for more than a week without detectable activity loss. 
For long-term storage, the protein was supplemented with 10% glycerol, then 
flash-frozen in liquid nitrogen and stored at −80 °C.

sgRNA preparation. The DNA templates for sgRNA transcription were ordered 
from Sangon Biotech Co. The sgRNA was synthesized in vitro using a HiScribe 
T7 High Yield RNA Synthesis Kit (NEB). Generally, 20 μl of reaction was prepared 
containing 1 μg of templates and incubated at 37 °C overnight. The sgRNA was 
treated with 4 U of DNase I (NEB) for 15 min and subjected to phenol/chloroform 
extraction and ethanol precipitation. The sgRNA pellet was then dissolved in 
RNase-free water and diluted to a concentration of ~1,000 ng μl−1. The sgRNA 
templates used in this study are provided in Supplementary Table 2.

Analytical size-exclusion chromatography. To analyze the formation of RNP 
complex, 5 nmoles of AsCas12f1 were incubated with 10 nmoles of tracrRNA, 
and 10 nmoles of crRNA in 250 μl of buffer B (20 mM Tris-HCl, pH 7.5, 600 mM 
NaCl, 5 mM MgCl2 and 1 mM DTT) at 45 °C for 10 min. The sample was then 
injected onto a 25-ml Superose 6 10/300 GL column (GE Healthcare/Cytiva) 
pre-equilibrated with the same buffer for SEC. The OD280 and OD260 values were 
recorded simultaneously.

In vitro DNA cleavage assay for the dsDNA substrate. For 56-bp 6-FAM-labeled 
dsDNA cleavage, 20 nM substrate was incubated with 500 nM AsCas12f1 and 
500 nM sgRNA in 1× reaction buffer (10 mM Tris-HCl pH 7.5, 10 mM MgCl2 and 
50 mM NaCl) at 45 °C, then 10-μl aliquots were removed at time intervals and 
quenched with 10 μl of formamide stop buffer (90% formamide, 0.075% xylene 
cyanol FF, 0.075% bromophenol blue and 50 mM EDTA). The cleavage products 
were denatured by incubating at 95 °C for 10 min and then analyzed by 20% 
TBE-urea-PAGE gel electrophoresis. For run-off sequencing, 5 nM pUC19 plasmid 
was incubated with 250 nM AsCas12f and 250 nM sgRNA in 1× reaction buffer at 
45 °C for 60 min. The reaction was quenched with 6× gel loading dye (NEB). The 
digest product was gel-purified and subjected to Sanger sequencing. For linearized 
pUC19 cleavage, 5 nM linear plasmid was incubated with 250 nM AsCas12f1 and 
250 nM sgRNA in 1× reaction buffer at 45 °C, then10-μl aliquots were removed at 
time intervals and quenched with 6× gel loading dye (NEB). The cleavage products 
were analyzed by 1% agarose gel electrophoresis. Sequence information for the 
substrates used in this study is provided in Supplementary Data 1.

In vitro DNA cleavage assay for the ssDNA substrate. For 56-nt 6-FAM-labeled 
ssDNA cleavage, 20 nM substrate was incubated with 500 nM AsCas12f1 and 
500 nM sgRNA in 1× reaction buffer at 45 °C, then 10-μl aliquots were removed 
at time intervals and quenched with 10 μl of formamide stop buffer. The cleavage 
products were denatured and analyzed by 20% TBE-urea-PAGE gel electrophoresis. 
For M13 ssDNA cleavage, 5 nM M13 ssDNA substrate was incubated with 100 nM 
AsCas12f1, 100 nM sgRNA, and 50 nM of targetable dsDNA or ssDNA activator in 
1× reaction buffer at 45 °C, then 10-μl aliquots were removed at time intervals and 
quenched for agarose gel electrophoresis. Sequence information for the substrates 
used in this study is provided in Supplementary Data 1.

In vitro pre-crRNA processing assay. The templates for tracrRNA and pre-crRNA 
(containing a single repeat–spacer–repeat unit) were ordered from Sangon 
Biotech Co. RNAs were synthesized in vitro by using a HiScribe T7 High Yield 
RNA Synthesis Kit and purified by phenol/chloroform extraction. To determine 
whether AsCas12f1 exerts the pre-crRNA processing, 100 nM pre-crRNA and 
100 nM tracrRNA were incubated with 250 nM AsCas12f1 in 1× reaction buffer 
at 45 °C, then 10-μl aliquots were removed at time intervals and quenched with 
formamide stop buffer. The denatured cleavage products were analyzed by 10% 
TBE-urea-PAGE gel electrophoresis. The RNA templates used in this study are 
provided in Supplementary Table 2.

Bacterial genome targeting and editing. The bacterial genome targeting assay was 
carried out as previously described36. Briefly, the E. coli carrying the p15a-based 
AsCas12f-expressing plasmid was electroporated with the sgRNA-transcription 
plasmid containing a genome-targeting spacer. After incubation at 37 °C overnight, 
the colony forming units were counted to calculate the transformation efficiency 
(CFU per μg plasmid). The bacterial genome editing was performed as previously 
described37,38. The E. coli carrying the p15a-based AsCas12f-expressing plasmid 
with lambda-red recombinase was electroporated with the sgRNA-transcription 
plasmid containing a genome-targeting spacer along with 1 nmole of 90-nt ssDNA 
repair template. After incubation at 37 °C overnight, gene-editing events in the 
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resulting colonies were verified by PCR amplification and Sanger sequencing of the 
region surrounding the target locus. The targets and primers used in this study are 
provided in Supplementary Table 3 and Supplementary Data 1.

Cell culture and transfection. The HEK293, HepG2, Huh-7 and U-2 OS cells 
were maintained in DMEM medium (Corning) with 10% FBS (Biological 
Industrial) at 37 °C in 5% CO2. A day before transfection, cells were trypsinized 
and seeded to each well of 24-well plates in appropriate concentrations (1.5 × 105 
cells per well for HEK293 and 1.0 × 105 cells per well for HepG2, Huh-7 and 
U-2 OS). For plasmid-based genome editing, 500 ng of plasmid was transfected 
using Lipofectamine 3000 (Life Technologies) according to the manufacturer’s 
instructions. For RNP transfection, 300 pmole of purified NLS-tagged AsCas12f1 
was incubated with 300 pmole of sgRNA in 50 μl of Opti-MEM supplemented with 
5 mM MgCl2 at 45 °C for 10 min. The ribonucleoprotein was transfected using 
Lipofectamine 3000 (Life Technologies).

EGFP activation assay. The EGFP activation assay was performed as previously 
described, with modifications29. Briefly, 600 ng of EGFP plasmid and 400 ng of 
AsCas12f1-expressing plasmid were co-transfected into HEK293 cells at ~60% 
confluency. After 24 h of incubation at 37 °C, the cells were trypsinized and 
analyzed by flow cytometry using an LSRFortessa instrument (BD Biosciences). 
The gating strategy is shown in Extended Data Fig. 4.

AAV production and cell transduction. The AAV production was carried out 
by PackGene Biotech Co., giving a final physical titration of 1013 GC ml−1 (GC, 
genome copy number). HEK293, Huh-7 and U-2 OS cells were seeded at 0.5 × 105 
per well to each well of 24-well plates, respectively. AAV was added to the cells at a 
multiplicity of infection of 105 GC per cell. Cells were collected after incubation at 
37 °C for the appropriate days (three days for HEK293, four days for U-2 OS and 
six days for Huh-7) to evaluate the endogenous gene disruption.

Evaluation of endogenous gene disruption. Genomic DNA was extracted at 48 h 
post-transfection using an Ezup Column Animal Genomic DNA Purification 
Kit (Sangon). Approximately 500-bp regions surrounding the target loci were 
amplified using a Phanta Max Super-Fidelity DNA Polymerase Mastermix 
(Vazyme). PCR products were gel-purified and re-annealed. The indels were 
detected using T7 endonuclease I (Vazyme) digestion. For NGS, ~200-bp 
regions surrounding the target loci were amplified using primers with dual 8-nt 
barcodes. The PCR products were merged and gel-purified. The amplicon-seq 
library was prepared by using a VAHTS Universal DNA Library Prep Kit for 
Illumina (Vazyme) according to the manufacturer’s instructions. The library was 
subjected to Illumina NovaSeq sequencing (PE150) by Genewise Co. Sequencing 
data were demultiplexed according to the barcodes, and indels were analyzed 
using Cas-Analyzer39. The targets and primers used in this study are provided in 
Supplementary Table 3 and Supplementary Data 1.

CIRCLE-seq for identifying genome-wide off-target sites. CIRCLE-seq was 
carried out as previously described with modifications40. Purified genomic DNA 
from HEK293 cells was sheared to 200–500-bp fragments using NEBNext dsDNA 
Fragementase (NEB). Sheared genomic DNA was end-repaired, dA-tailed and ligated 
to a hairpin adaptor using a VAHTS Universal DNA Library Prep Kit for Illumina 
(Vazyme) according to the manufacturer’s instructions. The adaptor-ligated DNA was 
treated with lambda exonuclease (NEB) and E. coli exonuclease I (NEB), then with 
USER enzyme (NEB) and T4 polynucleotide kinase (NEB). DNA was circularized 
with T4 DNA ligase (NEB) at a concentration of 5 ng μl−1, then treated with 
Plasmid-Safe ATP-dependent DNase (Epicentre), then 150 ng of circular genomic 
DNA library was cleaved by 100 nM AsCas12f1 and 100 nM sgRNA in 1× reaction 
buffer at 37 °C for 1 h. The cleaved products were purified using VAHTS DNA 
Clean Beads (Vazyme), and end-repaired, dA-tailed and ligated to NEBNext adaptor 
(NEB) using a VAHTS Universal DNA Library Prep Kit for Illumina (Vazyme). The 
USER-treated library was amplified by PCR using Phanta Max Super-Fidelity DNA 
Polymerase Mastermix (Vazyme), then subjected to Illumina Novaseq sequencing 
(PE150). Data analysis was performed using the CIRCLE-seq analysis pipeline with 
minor modifications to fit the target sequence of AsCas12f1. The experimentally 
determined and in silicon predicted off-target sites are listed in Supplementary Data 2.

Statistics and reproducibility. All statistical analyses were performed using 
GraphPad Prism (v.8.2.1). The exact replication numbers are indicated in the 
figure legends. The experimental findings in all of the figures were successfully 
reproduced at least three times independently.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this Article.

Data availability
NGS data are available at the NCBI Sequence Read Archive (SRA) under accession 
codes SRX9277304, SRX9277305, SRX9277306, SRX10828545, SRX10828546, 
SRX10828547 and SRX10839449. Plasmids can be accessed in Addgene under 

accession codes 171609, 171610, 171611, 171612, 171613 and 171614. Source data 
are provided with this paper.

Code availability
The custom Python scripts for calculating sequence frequencies in the PAM 
depletion assay are available at GitHub (https://github.com/atlasbioinfo/midseq). 
The computational pipeline of CIRCLE-seq to identify genome-wide off-target 
sites for AsCas12f1 is available at GitHub (https://github.com/tsailabSJ/circleseq).
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Extended Data Fig. 1 | Optimization of the sgRNA for AsCas12f1. a, The predicted secondary structure of sgRNA_v1 and the truncation information. The 
gray shaded tri-guanosine is added to the beginning of sgRNA to maximize the RNA production. b, in vitro dsDNA cleavage assay for different truncations 
of sgRNA. c, Bacterial genome targeting using different truncations of sgRNA. d, The predicted secondary structure of sgRNA_v2.
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Extended Data Fig. 2 | Sequence and structural analysis of AsCas12f1 and its mutations in the RuvC active site. a, Multiple sequence alignment of 
Cas12 nucleases. b, Structure model of AsCas12f1 was built using the cryo-EM structure of Cas14a1/sgRNA/dsDNA (PDB ID: 7C7L) as a template using 
SWISS-MODEL web server with its default parameters. c, D225A and E324A completely abolished the nuclease activity of AsCas12f1, whereas R383A and 
D401A retained minor NTS nickase activity at 18-nt downstream the PAM.
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Extended Data Fig. 3 | AsCas12f1 cleaves ssDNA in a PAM-independent manner. a, Cleavage pattern for complementary-PAM (cPAM)-containing 
ssDNA. b, Cleavage pattern for non-cPAM-containing ssDNA. c, Cleavage pattern for PAM-containing staggered substrate. d, Cleavage pattern for 
non-PAM-containing staggered substrate. e, Non-targeting sgRNA cannot mediate targeted cleavage on short ssDNA substrate. f, AsCas12f1 cannot 
non-specifically cleave short ssDNA substrate.
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Extended Data Fig. 4 | Flow cytometry gating strategies. a, b, Gates used for the analysis of flow cytometric data shown in Fig. 3c. Gate 1 is used to 
remove the debris from the cell population, gate 2 specifies single cells from cell aggregates, and gate 3 identifies the cells with GFP fluorescence. Gates 
were set on the control sample (a) and was then kept constant for the experimental group (b).
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