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The CRISPR-Cas12f system is an ultracompact genome-edit
ing platform, yet only a few orthologs exhibit robust activity 
in mammalian cells. Here, we systematically screened 23 
Cas12f orthologs and identified two active nucleases, 
PspCas12f1 and TcCas12f1, capable of genome editing in hu
man cells. Single guide RNA (sgRNA) scaffold optimization 
enhanced the basal activity of PspCas12f1. To further improve 
its performance, we combined structure-guided rational 
design with protein language model-assisted filtering. Candi
date mutations predicted by SaProt were further screened 
based on structural proximity to the DNA-binding interface 
and electrostatic compatibility. This integrative strategy iden
tified Q100R and E293R, whose combination yielded the 
optimized variant enPspCas12f1. enPspCas12f1 achieved 
genome-editing efficiencies comparable to SpCas9 across mul
tiple endogenous loci while maintaining high specificity. 
Collectively, our results demonstrate that integrating protein 
language model-assisted filtering with structure-guided 
rational design provides an effective strategy for engineering 
PspCas12f1 and may facilitate the optimization of additional 
compact CRISPR nucleases.

INTRODUCTION

The CRISPR-Cas system is a well-known adaptive immune system 
found in archaea and bacteria.1 It is categorized into two major clas
ses and six types, which are further subdivided into more than 30 
subtypes.2 Class 2 systems, including type II (Cas9) and type V 
(Cas12), utilize a single multidomain effector protein and have 
been widely adopted as genome-editing tools.3 In these systems, 
the CRISPR nuclease functions together with two noncoding 
RNAs: the CRISPR RNA (crRNA) and the trans-activating crRNA 

(tracrRNA).3 These two RNAs can be artificially fused into a single 
guide RNA (sgRNA), thereby simplifying the editing machinery.4

During genome editing, Cas nucleases first recognize a short proto
spacer adjacent motif (PAM) on the target DNA and locally unwind 
the DNA duplex. Complementary base pairing initiated at the PAM- 
proximal seed region promotes R-loop formation and, upon suffi
cient guide-target complementarity, triggers DNA cleavage to 
generate a double-strand break (DSB).5 Subsequent repair of the 
DSB by the host cellular machinery leads to targeted sequence 
modifications.

To date, dozens of CRISPR-Cas genome editors have been devel
oped.6–15 Among them, the CRISPR-Cas12f system has drawn 
considerable attention owing to its ultracompact size (approximately 
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400–700 amino acids).16 Cas12f nucleases typically recognize pyrim
idine-rich PAM sequences and often exhibit low intrinsic editing ef
ficiency.17 Through extensive protein engineering and optimization 
of sgRNA scaffolds, several high-activity Cas12f variants, including 
Un1Cas12f1,18–20 enAsCas12f1,21 SpaCas12f1,22 CnCas12f1,23 and 
enOsCas12f1,24 have been generated. Because each Cas12f nuclease 
possesses distinct PAM-recognition properties and target-sequence 
preferences, the continued discovery and engineering of additional 
Cas12f orthologs are crucial for broadening the CRISPR toolkit 
and enabling more versatile manipulation of complex genomes.

Electrostatic optimization has emerged as an effective strategy for 
enhancing nuclease activity. Introducing positively charged residues 
near DNA-binding interfaces strengthens electrostatic attraction to 
the negatively charged DNA backbone, thereby facilitating DNA 
unwinding,25 stabilizing R-loop formation, and improving editing 
efficiency across Cas9 and Cas12 effectors. In parallel, advances in 
AI-powered protein language models (PLMs), such as ESM226 and 
SaProt,27 provide new opportunities to predict potentially beneficial 
mutations. However, PLMs alone often suffer from limited precision 
and residue-type bias,28,29 highlighting the need to develop practical 
strategies that effectively integrate computational prediction with 
rational, structure-guided design.30

In this study, we systematically screened 23 Cas12f nucleases and 
identified PspCas12f1 and TcCas12f1 as two active genome editors 
in mammalian cells. Through rational protein engineering and opti
mization of the PspCas12f1 sgRNA scaffold, we further developed an 
enhanced variant, enPspCas12f1, that achieves genome-editing effi
ciencies comparable to SpCas9 while maintaining high specificity. 
Our work expands the Cas12f toolbox with a highly active compact 
genome editor and illustrates the utility of combining PLM-assisted 
filtering with structure-guided rational engineering for optimizing 
Cas12f nucleases.

RESULTS

Identification of active Cas12f orthologs for mammalian genome 

editing

To identify Cas12f orthologs suitable for genome editing, we first 
selected 19 representative nucleases spanning distinct evolutionary 
branches based on the phylogenetic analysis reported in the initial 
characterization of the Cas14 (Cas12f) family.16 We then used As
Cas12f1 and SpaCas12f1, two nucleases that had been experimentally 
demonstrated to mediate DNA cleavage in bacteria,17 as reference se
quences to search the NCBI database for homologous proteins, lead
ing to the identification of four additional Cas12f1 orthologs, namely 
AdCas12f1, PspCas12f1, Pt3Cas12f1, and TcCas12f1. These 23 nu
cleases range from 400 to 743 amino acids in length (Table S1). 
Phylogenetic analysis grouped these orthologs into seven distinct 
clades, among which the previously reported Cas12f nucleases active 
in mammalian cells are distributed across three separate clades 
(Figure S1A). Each identified CRISPR-Cas12f locus encodes a 
Cas12f nuclease, a CRISPR array, and a putative tracrRNA, predicted 
based on complementarity to the repeat sequence (Figure S1B).

For each ortholog, we constructed an sgRNA by fusing the 5′ end of 
the direct repeat to the 3′ end of the corresponding tracrRNA. The 
resulting sgRNA scaffolds contained 2–8 stem-loop structures 
(Figures S2 and S3).

We next evaluated the genome-editing activities of these orthologs 
using a GFP-activation reporter assay.8 In this system, a target 
sequence, including a 5-bp random sequence followed by a proto
spacer, was inserted into the GFP coding sequence, introducing a 
frameshift mutation. When an active Cas12f nuclease induces inser
tions or deletions (indels) at the target site, the GFP open reading 
frame is restored in a subset of cells, producing GFP-positive signals 
(Figure 1A). The reporter construct was integrated into HEK293T 
cells via lentiviral transduction. After co-transfection of Cas12f and 
sgRNA expression plasmids, GFP-positive cells were detected for 
Un1Cas12f1 (used as a positive control), as well as for PspCas12f1 
and TcCas12f1 (Figures 1B and S4), indicating that these two nucle
ases are active in mammalian cells.

To confirm targeted editing, GFP-positive cells were isolated and sub
jected to deep sequencing of the target site. The results revealed clear 
indel formation at the expected loci for all three active nucleases 
(Figures S5A–S5D). WebLogo and PAM wheel analyses of the 
sequencing data showed that Un1Cas12f1 recognizes a TTTR PAM 
(R = A or G), consistent with previous findings.19 In contrast, 
PspCas12f1 recognizes a TTC PAM, while TcCas12f1 recognizes a 
CTTR PAM (Figures 1C and 1D).

To further evaluate the genome-editing activities of PspCas12f1 and 
TcCas12f1 in mammalian cells, we compared the editing activities 
of PspCas12f1, SpaCas12f1, and OsCas12f1 across 13 endogenous 
genomic loci. Among these targets, nine contained a CTTC PAM, 
and four contained a TTTC PAM. Overall, PspCas12f1 showed 
strong editing activity across the tested loci, showing significantly 
higher editing efficiencies than SpaCas12f1 at seven loci and outper
forming OsCas12f1 at nine loci (Figure S6).

In addition, we compared the genome-editing activities of TcCas12f1 
and OsCas12f1 at 14 endogenous loci harboring a CTTA PAM. 
TcCas12f1 likewise exhibited genome-editing activity, with signifi
cantly higher editing efficiencies than OsCas12f1 at 10 of the 14 
loci (Figure S7). Collectively, these results demonstrate that both 
PspCas12f1 and TcCas12f1 are capable of mediating genome editing 
in mammalian cells (Figures S8A and S8B). Given that PspCas12f1 
recognizes the simpler TTC PAM and can therefore target a broader 
range of genomic sites, we selected PspCas12f1 for subsequent 
engineering.

Optimization of spacer length enhances PspCas12f1 activity

We next sought to determine the optimal spacer length for 
PspCas12f1. A series of sgRNAs containing 17–25 nt spacers was de
signed to target exon 10 of the PPP1R12C gene. Five days after co- 
transfection of HEK293T cells with PspCas12f1 and each sgRNA 
expression plasmid, genomic DNA was extracted and subjected to 
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targeted deep sequencing. The results revealed that the 20-nt spacer 
yielded the highest editing efficiency (Figure S9A). To validate 
this observation, we performed a similar analysis using sgRNAs tar
geting the 5′ UTR of the EMX1 gene, with spacer length also varying 
from 17 to 25 nt. Consistent with the previous results, the 20-nt 
spacer again produced the strongest editing activity (Figure S9B). 
Based on these results, the 20-nt spacer was used in all subsequent 
experiments.

Figure 1. Identification of PspCas12f1 and 

TcCas12f1 as active Cas12f nucleases in 

mammalian cells using a GFP reporter 

(A) Schematic of the GFP-activation reporter. The re

porter contains a 5-bp randomized sequence followed by 

the target protospacer, both inserted between the ATG 

start codon and the GFP coding sequence. The 

reporter library was stably integrated into HEK293T cells 

via lentiviral transduction. Genome editing by active 

Cas12f enzymes restores the correct GFP reading 

frame, resulting in GFP-positive cells. (B) Quantification 

of GFP activation. Two Cas12f1 orthologs triggered 

robust GFP expression. The percentages of GFP- 

positive cells are shown. Un1Cas12f1 was used as a 

positive control. Scale bar, 100 μm. (C) PAM sequence 

logos generated from deep-sequencing data using 

WebLogo. (D) PAM wheel plots derived from deep- 

sequencing data. Numbers indicate PAM nucleotide 

positions relative to the protospacer.

To further assess its performance, we 
compared PspCas12f1 with SpaCas12f122 and 
the engineered variant enOsCas12f124 across 
12 endogenous sites. PspCas12f1 showed 
slightly higher activity than SpaCas12f1 but 
markedly lower efficiency than enOsCas12f1 
(Figures S10A and S10B). These results suggest 
that the intrinsic activity of PspCas12f1 re
mains suboptimal and could benefit from 
further optimization.

Engineering of the PspCas12f1 sgRNA 

scaffold enhances editing efficiency

We first optimized the PspCas12f1 sgRNA 
scaffold. Previous studies have also shown 
that deleting specific stem loops within the 
sgRNA scaffold, correcting mismatches, or 
converting unstable A:U pairs into more stable 
G:C pairs can boost nuclease activity.22–24 We 
therefore adopted similar scaffold modification 
strategies in this study.

We assessed the impact of truncating indi
vidual stem-loop structures on editing effi
ciency. The PspCas12f1 sgRNA scaffold 
forms five stem loops (SL1–SL5; Figure 2A). 

Eight truncation variants (V1.1–V1.8) were designed to target 
different stem loops, and their editing efficiencies were measured 
at three endogenous loci in HEK293T cells (Figure S11A). 
Deletion of any single complete stem loop derived from the 
tracrRNA (V1.1–V1.5), or removal of the complete stem loop be
tween the tracrRNA and the repeat sequence (V1.6), reduced ed
iting efficiency (Figures 2B and S11B). In contrast, the partial 
truncation represented by V1.7 increased activity at several loci, 
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whereas deletion of the SL3 “bubble” (V1.8) again diminished 
activity. Based on these results, we selected V1.7 for subsequent 
optimization.

Using version V1.7 as the backbone, we introduced base substitu
tions at sites of scaffold mismatches and at selected A:U pairs to 
generate 10 point-mutant variants, V2.1–V2.10, and measured their 

Figure 2. Rational sgRNA scaffold optimization enhances PspCas12f1 genome-editing efficiency 

(A) Predicted secondary structure of the wild-type (WT) PspCas12f1 sgRNA. The tracrRNA sequence is shown in orange, the CRISPR repeat sequence in light blue, and 

truncated stem-loop (SL) regions in subsequent variants are indicated by blue boxes. (B) Quantitative comparison of genome-editing efficiencies of sgRNA truncation variants 

across three target sites. (C) Predicted secondary structure of sgRNA_V1.7. Positions containing engineered nucleotide substitutions are marked in dark blue. (D) Quan

titative comparison of editing efficiencies for the WT sgRNA, sgRNA_V1.7, and its substitution variants across three target sites. (E) Predicted secondary structure of 

sgRNA_V3.1. Four substituted nucleotides are highlighted in dark blue. (F) Quantitative comparison of editing efficiencies for the WT sgRNA, sgRNA_V1.7, sgRNA_V2.6, 

sgRNA_V2.9, and seven combinatorial substitution variants across three target sites. Indel frequencies were quantified by targeted deep sequencing.
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editing efficiencies at three endogenous loci in HEK293T cells 
(Figures 2C and S12A). The specific changes included U-to-C substi
tutions to promote pairing with G (V2.1 and V2.3), conversion of 
A:U pairs to G:C pairs to strengthen base pairing (V2.2, V2.4, 
V2.5, V2.8, and V2.10), and replacement of consecutive U residues 
with C to remove U runs that may trigger premature transcription 
termination or reduce transcription efficiency (V2.6, V2.7, and 
V2.9). Testing across three loci revealed that V2.1, V2.5–V2.7, 
and V2.9–V2.10 exhibited higher activity than V1.7 (Figures 2D 
and S12B).

We next combined beneficial point mutations to create seven sgRNA 
combination variants, V3.1–V3.7, and evaluated their editing effi
ciencies at the same three endogenous loci in HEK293T cells 
(Figures 2E and S13A). We first combined V2.6 and V2.9 to produce 
V3.1, thereby removing the contiguous U sequence. We then inte
grated mutations from V2.1, V2.5, V2.7, and V2.10 into the V3.1 
scaffold to generate V3.2–V3.7. Specifically, V3.2 comprises V2.6, 
V2.9, and V2.10; V3.3 comprises V2.5, V2.6, and V2.9; V3.4 com
prises V2.5, V2.6, V2.9, and V2.10; V3.5 comprises V2.1, V2.5, 
V2.6, V2.9, and V2.10; V3.6 comprises V2.5, V2.6, V2.7, V2.9, and 
V2.10; and V3.7 comprises V2.1, V2.5, V2.6, V2.7, V2.9, and 
V2.10. Across the three tested loci, V3.6 displayed the highest editing 
activity compared with the other combination variants (Figures 2F 
and S13B). These results demonstrate that rational redesign of the 
sgRNA scaffold substantially enhances PspCas12f1 activity, laying 
the foundation for further protein optimization.

Structure-guided protein engineering assisted by PLM filtering 

markedly improves PspCas12f1 activity

To further improve the performance of PspCas12f1, we designed and 
experimentally evaluated four complementary protein-engineering 
strategies based on sequence homology, PLM prediction, and struc
ture-guided rational design (Figure 3A). Strategy 1 relied exclusively 
on sequence homology to introduce previously reported activity- 
enhancing AsCas12f1 substitutions at locally conserved homologous 
positions in PspCas12f1.31 Strategy 2 relied exclusively on the PLM 
SaProt27 to prioritize the top eight predicted functional substitutions. 
Strategy 3 was developed independently of SaProt predictions and 
relied exclusively on structural information to optimize residues at 
the protein dimer interface. In contrast, strategy 4 integrated SaProt 
filtering (SaProt score > 0) with structure-guided design based 
on AlphaFold3-predicted models. Specifically, strategy 4 targeted 
DNA-proximal residues within 6 Å that did not directly interact 
with the phosphate backbone. These residues were individually 

substituted with arginine or lysine to introduce new electrostatic in
teractions with the DNA.

Mutations generated from these four independent engineering 
strategies were introduced into PspCas12f1 and experimentally 
evaluated for genome-editing activity at the ANAPC15 locus in 
HEK293T cells. Using strategy 1, we designed 22 amino acid substi
tutions based on sequence homology and identified only one benefi
cial variant, E251M, that exhibited higher genome-editing activity 
than wild-type (WT) PspCas12f1 (Figure S14A). Likewise, the eight 
substitutions prioritized based solely on SaProt scores in strategy 2 
failed to substantially improve editing activity (Figure S14B). Strat
egy 3, which focused on structure-guided optimization of the protein 
dimer interface, also failed to identify beneficial variants, as all 17 
substitutions generated using this strategy exhibited lower editing 
activity than the WT (Figure S14C).

In contrast, strategy 4, which combined SaProt-based filtering (SaProt 
score > 0) with structure-guided rational design, identified three 
beneficial substitutions: S81K, Q100R, and E293R (Figure 3B). Specif
ically, strategy 4 targeted residues located adjacent to, but not directly 
contacting, the DNA backbone. Introducing positively charged sub
stitutions at these positions may establish new electrostatic interac
tions without disrupting existing protein-DNA contacts, thereby 
enhancing editing activity. Among the four strategies, strategy 4 
achieved the greatest overall improvement in PspCas12f1 activity 
(Figure S14D), demonstrating that integrating PLM prediction with 
structure-guided rational design enriches functionally beneficial mu
tations more effectively than either approach alone. Collectively, these 
findings establish an effective framework for engineering compact 
CRISPR nucleases by integrating PLM prediction with mechanisti
cally informed structure-guided rational design.

We next assessed whether SaProt scores retained discriminative 
power within a structurally constrained candidate set, which is 
essential for the effectiveness of the integrated screening strategy. 
We analyzed 39 candidate mutations designed at 26 residues 
located within 6 Å of the DNA and classified mutations according 
to their SaProt scores (>0 or ≤0). The positive-score group ex
hibited a mean efficiency fold change of 0.743 and a beneficial mu
tation hit rate of 25%, compared to 0.476 and 4.3% for the non-pos
itive group (p = 0.0152) (Figure S15). This analysis provides direct 
evidence that, even after structural proximity filtering, the SaProt 
score further enriches for functionally improved variants. Conse
quently, integrating PLM-based prediction as a secondary filter 

Figure 3. Comparative evaluation of protein engineering strategies for improving PspCas12f1 activity 

(A) Schematic overview of the rational protein engineering workflow, encompassing four complementary strategies for predicting beneficial protein variants. (B) Comparison 

of genome-editing efficiencies at the ANAPC15 locus in HEK293T cells between WT PspCas12f1 and single-point mutants predicted by strategy 4. Blue bars represent the 

WT and individual single-amino-acid substitution mutants, whereas orange bars indicate variants exhibiting increased activity relative to the WT. Indel frequencies were 

quantified by targeted deep sequencing. (C) Editing efficiencies of WT PspCas12f1, activity-enhancing single-point mutants, and multi-mutation variants (double or triple 

mutants) generated from combinations of high-activity substitutions at the ANAPC15 and PPP1R12C loci. Blue bars denote WT PspCas12f1 and different mutants, while 

orange bars highlight the best-performing double mutant (enPspCas12f1). Indel frequencies were measured by targeted deep sequencing. Data are presented as mean ± 

standard deviation (SD) from three independent experiments (n = 3).
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on top of structure-guided selection substantially enhances the dis
covery of beneficial mutations.

Identification and structural characterization of enPspCas12f1

We next tested whether beneficial mutations identified by the 
different strategies exhibited additive effects. Four mutations that 
increased editing activity, S81K, Q100R, E251M, and E293R, were 
combined to generate six double mutants and two triple mutants. 
The editing activities of all mutants were evaluated in parallel at 
the ANAPC15 and PPP1R12C loci (Figure 3C). Combinations con
taining Q100R and E293R increased editing activity relative to WT 
PspCas12f1 by 2.39- and 1.61-fold at the two loci, respectively. 
Among the double- and triple-mutant combinations tested, the 
Q100R/E293R variant exhibited strong genome-editing activity 
across the evaluated target sites. Although it was not the highest-per
forming variant at every individual locus, it showed the best overall 
editing performance across the two tested loci. Therefore, the 
Q100R/E293R variant was selected for subsequent characterization 
and was designated as enPspCas12f1. Interestingly, adding S81K or 
E251M to the Q100R/E293R background to create triple mutants 
did not further enhance activity relative to the double mutant, sug
gesting a possible ceiling for additive effects or the introduction of 
conformational constraints by additional substitutions.

To delineate the structural basis underlying the enhanced activity 
conferred by the Q100R and E293R substitutions, we predicted the 
structure of the PspCas12f1-sgRNA-DNA complex using AlphaFold3 
(Figure S16A). Structural modeling suggested that the Q100R substitu
tion reorients the positively charged arginine side chain toward the 
DNA backbone in both protomers, resulting in shorter protein-DNA 
distances than those observed for the corresponding glutamine 
residues. The closer proximity of the arginine side chain is predicted 
to strengthen electrostatic interactions with the DNA phosphate 
backbone. In one protomer (R100.1), the substituted arginine was 
predicted to establish closer contacts with multiple nucleotides 
(Figure S16B), whereas in the other protomer (R100.2), the substituted 
arginine was predicted to form an additional hydrogen bond with the 
DNA (Figure S16C).

Similarly, replacement of E293 with arginine was predicted to 
generate an additional hydrogen bond between R293.1 and the 
DNA in one protomer (Figure S16D). In contrast, the corresponding 
residue in the second protomer (R293.2) remained spatially distant 

from the DNA and was not predicted to establish additional contacts 
(Figure S16E). Collectively, these structural predictions suggest that 
both the Q100R and E293R substitutions enhance protein-DNA in
teractions by increasing electrostatic complementarity between the 
protein surface and the DNA phosphate backbone and, in specific 
structural contexts, by introducing additional hydrogen-bonding in
teractions. These changes provide a plausible structural explanation 
for the enhanced genome-editing activity of enPspCas12f1.

We then compared enPspCas12f1 with PspCas12f1 across 30 endog
enous loci. enPspCas12f1 showed significantly higher efficiency at 
every locus, and its mean editing activity across the 30 loci was 
3.72 times that of PspCas12f1 (Figures S17A and S17B). Collectively, 
structure-guided mutagenesis yielded a double mutant (Q100R/ 
E293R) with markedly improved genome-editing efficiency.

The engineered enPspCas12f1 achieves SpCas9-comparable 

genome-editing efficiency

To evaluate the combined effects of protein engineering and sgRNA 
optimization, we compared the genome-editing activities of enPsp
Cas12f1 (sgRNA_V3.6), PspCas12f1 (sgRNA_WT), the previously re
ported SpaCas12f1 (sgRNA_MS13),22 enOsCas12f1 (sgRNA_2.6),24

and the widely used SpCas9. To ensure comparable expression 
among all nucleases, identical expression backbones were employed 
(Figure 4A). We selected 18 endogenous loci that met the PAM re
quirements of all Cas12f1 variants and SpCas9 and assessed editing ef
ficiency in HEK293T cells (Figure 4B).

The results showed that enPspCas12f1 consistently outperformed 
PspCas12f1 and SpaCas12f1 at all tested loci (Figure 4C). On average, 
enPspCas12f1 (sgRNA_V3.6) exhibited a 7.60-fold increase in editing 
activity compared with PspCas12f1 (sgRNA_WT). Across different 
targets, enPspCas12f1 displayed efficiencies comparable to or higher 
than enOsCas12f1, depending on the locus. While its activity exceeded 
that of SpCas9 at several sites, it was slightly lower at others. Overall, 
enPspCas12f1 demonstrated SpCas9-comparable genome-editing effi
ciency (Figure 4D). These findings indicate that combining protein en
gineering and sgRNA scaffold optimization effectively transformed 
PspCas12f1 into a compact and highly active genome editor.

Notably, the data also revealed that each nuclease exhibits distinct 
sequence preferences. For example, enPspCas12f1 achieved 25% in
del frequency at the E5 locus and 80% at the RU2 locus, whereas 

Figure 4. enPspCas12f1 exhibits superior genome-editing efficiency compared with other Cas12f variants and SpCas9 

(A) Schematic of the plasmid constructs used to express Cas12f1 variants (enPspCas12f1, PspCas12f1, SpaCas12f1, and enOsCas12f1) and SpCas9. All expression 

plasmids share the same backbone. NLS, nuclear localization signal; poly(A), polyadenylation signal. (B) Schematic representation of the shared target sites used for Cas12f1 

variants (enPspCas12f1, PspCas12f1, SpaCas12f1, and enOsCas12f1) and SpCas9. PAM sequences recognized by SpCas9 are shown in blue, and PAM sequences 

recognized by Cas12f1 are shown in orange. (C) Comparison of editing efficiencies of enPspCas12f1, PspCas12f1, SpaCas12f1, enOsCas12f1, and SpCas9 across 18 

endogenous loci in HEK293T cells. Editing outcomes were quantified as indel frequencies by targeted deep sequencing. Data are presented as mean ± standard deviation 

(SD) from three independent expriments (n = 3). (D) Boxplots of indel frequencies generated by enPspCas12f1, PspCas12f1, SpaCas12f1, enOsCas12f1, and SpCas9. 

Boxes represent the interquartile range, center lines indicate the median, and whiskers denote the minimum and maximum values. Each data point represents the mean indel 

frequency at one endogenous target site from three independent biological replicates. Statistical significance was determined with a threshold of p < 0.05 (*p < 0.05, 

**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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enOsCas12f1 showed 18% and 40%, and SpCas9 yielded 65% and 
42%, respectively (Figure 4C). These results suggest that enPsp
Cas12f1 provides a valuable alternative to existing editors, offering 
superior activity at specific genomic loci and expanding the flexibility 
of CRISPR-based genome engineering.

Figure 5. enPspCas12f1 maintains high genome- 

wide specificity despite enhanced activity 

(A) Tolerance of PspCas12f1 and enPspCas12f1 to 

dinucleotide and single-nucleotide mismatches within 

the sgRNA. Mismatched nucleotides are shown in red. 

sgRNA activities were quantified by targeted deep 

sequencing. Data are presented as mean ± standard 

deviation (SD) from three independent experiments 

(n = 3). (B) Genome-wide off-target analysis of 

PspCas12f1 and enPspCas12f1 using GUIDE-seq. 

Target sequences for four endogenous sites are shown 

on the left, and corresponding read counts for on-target 

and off-target sites are shown on the right.

Mismatch tolerance and genome-wide off- 

target profiling of enPspCas12f1

We next assessed the specificity of PspCas12f1 
and its engineered variant enPspCas12f1. To 
evaluate mismatch tolerance, we designed a 
panel of 10 sgRNAs containing dinucleotide 
mismatches relative to the EMX1 target site. 
PspCas12f1 exhibited strong sensitivity to 
dinucleotide mismatches at positions 1–18, 
whereas enPspCas12f1 was sensitive to mis
matches at positions 1–16 (Figure 5A). We 
further examined single-nucleotide mismatch 
tolerance using a set of 20 sgRNAs, each con
taining a single mismatch relative to the 
EMX1 target site. PspCas12f1 was sensitive to 
single mismatches at positions 1–16, while 
enPspCas12f1 tolerated mismatches beyond 
position 7, indicating reduced sequence strin
gency (Figure 5A). Collectively, these results 
suggest that enPspCas12f1 achieves enhanced 
activity at the expense of target specificity.

To further investigate genome-wide specificity, 
we performed GUIDE-seq (genome-wide un
biased identification of double-stranded breaks 
enabled by sequencing) in HEK293T cells.32

We designed nine sgRNAs targeting the 
ANAPC15, RUNX1, CFTR, PPP1R12C, RNF2, 
EMX1, and DYRK1A loci. Cas12f expression 
plasmids, sgRNA expression plasmids, and 
GUIDE-seq double-stranded oligodeoxynu
cleotides (dsODNs) were co-electroporated 
into HEK293T cells, and genomic DNA was 
harvested 5 days after electroporation for 
GUIDE-seq analysis. GUIDE-seq analysis re

vealed abundant read counts at all target sites for both nucleases. 
Genome-wide off-target analysis identified three off-target sites for 
PspCas12f1 and five off-target sites for enPspCas12f1 (Figures 5B 
and S18). Although enPspCas12f1 exhibited a modest increase 
in the number of detected off-target sites, the overall number of 
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off-target events remained low, and no widespread nonspecific edit
ing was observed. Collectively, these GUIDE-seq analyses indicate 
that enPspCas12f1 retains low off-target activity while substantially 
enhancing genome-editing activity, further supporting its potential 
as an efficient genome-editing tool with favorable editing specificity.

Therapeutic genome editing and AAV-mediated delivery of 

enPspCas12f1

We next evaluated the therapeutic potential of enPspCas12f1 in clin
ically relevant genome-editing applications. We selected two disease- 
relevant hearing-loss targets, CIDEA and GSDMD. Previous studies 
have identified CIDEA and GSDMD as promising therapeutic targets 
for hearing loss, as disruption of CIDEA reduces cochlear hair cell 
apoptosis,33 whereas inhibition of GSDMD-mediated pyroptosis alle
viates hair cell damage and protects auditory function.34 We designed 
12 endogenous target sites within each gene and compared the 
genome-editing efficiencies of PspCas12f1-sgRNA_WT and enPsp
Cas12f1-sgRNA_V3.6 across these loci. Across all 24 endogenous 
target sites, enPspCas12f1-sgRNA_V3.6 consistently exhibited signif
icantly higher editing efficiencies than PspCas12f1-sgRNA_WT. 
The highest editing efficiency reached 93% at the CIDEA locus and 
83% at the GSDMD locus (Figures S19A–S19C). These results 
demonstrate that the engineered enPspCas12f1-sgRNA_V3.6 enables 
highly efficient genome editing at therapeutically relevant hearing- 
loss genes.

We next evaluated whether this enhanced editing capability could be 
effectively translated to an adeno-associated virus (AAV)-mediated 
delivery system. Given the compact size of enPspCas12f1, we con
structed an all-in-one expression cassette in which enPspCas12f1 
and its corresponding sgRNA were integrated into a single AAV vec
tor. The expression cassettes were packaged into the AAV-DJ sero
type for viral production. We subsequently generated 12 AAV-DJ 
vectors, each carrying an individual sgRNA targeting one of 12 
endogenous genomic loci, and transduced three distinct human 
cell lines, including SH-SY5Y, A375, and C33A. Seven days after 
transduction, genome-editing efficiencies at each target site were 
quantified by targeted deep sequencing.

AAV-delivered enPspCas12f1 mediated efficient genome editing in 
all three human cell lines. In SH-SY5Y cells, editing efficiencies ex
ceeded 60% at five target sites, with a maximum editing efficiency 
of approximately 76% (Figure S20A). In A375 cells, the highest edit
ing efficiency reached 81% (Figure S20B). In C33A cells, editing ef
ficiencies also exceeded 60% at five target sites, with a maximum ed
iting efficiency of approximately 72% (Figure S20C). Although 
editing efficiencies varied among target sites and cell types, enPsp
Cas12f1 consistently exhibited robust genome-editing activity across 
all three cellular models. Collectively, these findings demonstrate 
that enPspCas12f1 enables highly efficient genome editing of thera
peutically relevant hearing-loss genes and can be effectively delivered 
using a single all-in-one AAV vector, highlighting its compatibility 
with AAV-mediated delivery and its strong potential for future 
in vivo therapeutic genome-editing applications.

Integration of PLM predictions with structural filtering enhances 

variant discovery

To provide a more comprehensive assessment of SaProt’s standalone 
predictive performance, we expanded the experimental dataset by 
including additional missense mutants, yielding a total of 107 exper
imentally tested variants, and systematically evaluated the relation
ship between SaProt scores and experimental activity. Spearman’s 
rank correlation between SaProt scores and functional readout was 
modest (ρ = 0.245, p < 0.05), and the area under the receiver oper
ating characteristic (ROC) curve (AUC) was 0.637 (Figures S21A 
and S21B), indicating a basic level of predictive ability. Critically, 
SaProt’s precision was low (0.1–0.3 across all recall levels; AUC-pre
cision recall [AUC-PR] < 0.2), and it produced a high false-positive 
rate (47 out of 53 predicted functional mutations were incorrect; 
Figures S21C and S21D), collectively underscoring that SaProt alone 
is insufficient for reliably pinpointing improved variants.

Using this expanded dataset, we systematically evaluated candidate 
SaProt score cutoffs for variant prioritization. Statistical significance 
(minimum t test and Mann-Whitney p values; Figure S22A) together 
with effect size (maximum Cohen’s d; Figure S22B) identified two 
local optima at score thresholds of 0 and 1.536. At a threshold of 
0, the resulting groups were relatively balanced (n = 64 versus 43) 
and exhibited significantly different mean efficiency fold changes 
(Figure S22C). Although a threshold of 1.536 also yielded a statisti
cally significant difference, it produced substantially imbalanced 
group sizes (n = 86 versus 21; Figure S22D). These analyses support 
the use of a SaProt score of 0 as a reliable threshold for variant pri
oritization, enabling efficient reduction of the candidate mutational 
space before subsequent structure-guided selection. Subsequent 
structure-guided selection, which prioritized residues proximal to 
the DNA-binding interface, further refined this pool and led to the 
identification of highly active mutations, including Q100R and 
E293R. Thus, integrating SaProt-based filtering with structural con
straints provides an efficient strategy for discovering beneficial 
mutations.

DISCUSSION

CRISPR-Cas12f nucleases possess intrinsic advantages for in vivo 
delivery due to their exceptionally compact size; however, individual 
Cas12f orthologs often display distinct target sequence preferences 
and variable editing efficiencies. Several Cas12f nucleases, including 
Un1Cas12f1,19 AsCas12f1,35 SpaCas12f1,22 enOsCas12f1,24 and 
Ti1Cas12f1,36 have been previously characterized and shown to 
mediate genome editing in eukaryotic cells. Here, we systematically 
analyzed 23 Cas12f nucleases and identified PspCas12f1 and 
TcCas12f1 as compact and active editors in mammalian cells, 
thereby expanding the functional repertoire of Cas12f-based 
genome-editing tools. Through the combined optimization of the 
sgRNA scaffold and rational protein engineering, we further devel
oped enPspCas12f1, a substantially enhanced variant that achieved 
robust and broad editing activity across multiple endogenous loci. 
Notably, enPspCas12f1 outperformed both enOsCas12f1 and 
SpCas9 at several sites, underscoring its potential as a versatile and 
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delivery-friendly genome editor for both basic and therapeutic 
applications.

In protein engineering, we systematically benchmarked multiple 
strategies based on sequence homology, PLM predictions, and struc
ture-guided rational design. Among these, strategy 4 achieved the 
greatest overall improvement by integrating SaProt-based prioritiza
tion with structure-guided selection of DNA-proximal residues and 
biophysically motivated electrostatic design. Introducing positively 
charged residues adjacent to the DNA-binding interface, without 
perturbing direct DNA contact, substantially enhanced editing effi
ciency. The combined substitutions Q100R and E293R exemplify 
this principle, markedly improving activity across multiple loci. 
These results parallel prior engineering efforts on Cas12f orthologs, 
such as optimized Un1Cas12f1, AsCas12f1, and enOsCas12f1 vari
ants that enhance ribonucleoprotein stability or surface charge bal
ance.18,21,24 However, unlike earlier strategies that relied on 
consensus alignment21 or random mutagenesis,24 our rational, struc
ture-based framework explicitly delineates the electrostatic princi
ples underlying nuclease activation. The success of enPspCas12f1 
underscores that fine-tuning charge distribution around the DNA- 
binding interface may represent a generalizable route to boosting 
the efficiency of compact CRISPR enzymes.

Our study also highlights the complementary roles of computational 
prediction and rational design, as prioritizing candidates supported 
by both approaches can substantially narrow the experimental search 
space. While general PLMs such as SaProt27 serve as efficient initial 
filters, their systematic biases, particularly the underestimation of 
functionally important positively charged residues (R/K), limit their 
ability to independently identify highly active mutants. By inte
grating structural modeling, physicochemical constraints, and itera
tive experimental feedback, we improved predictive precision while 
reducing screening workload. This integrated strategy leverages 
the strengths of both approaches: PLMs provide broad coverage of 
sequence space, whereas structure-guided filtering focuses experi
mental efforts on mutations with a higher likelihood of functional 
improvement. Together, these complementary approaches enabled 
the efficient identification of beneficial mutations during the engi
neering of PspCas12f1 and may facilitate the future optimization 
of additional compact CRISPR nucleases. Despite these improve
ments, enPspCas12f1 recognizes a relatively strict TTC PAM, which 
remains more restrictive than the NGG PAM requirement of widely 
used genome editors such as SpCas937 or the broader PAM compat
ibility of recently engineered Cas12f variants.24 This limited PAM 
compatibility reduces the density of accessible genomic target sites 
and may constrain its applicability at certain disease-associated loci.

In summary, through homolog discovery, sgRNA scaffold engineer
ing, and AI-assisted structure-guided protein optimization, we have 
developed enPspCas12f1, a compact and efficient genome editor 
with broad potential for research and therapeutic applications. 
Beyond developing enPspCas12f1, this work provides a practical 
workflow for integrating PLM-assisted filtering with structure- 

guided rational engineering during the optimization of PspCas12f1. 
Future studies will determine the general applicability of this strategy 
to other compact CRISPR nucleases.

MATERIALS AND METHODS

Plasmid construction

pAAV-CMV-Cas12f/Cas9-P2A-Puro

To construct the pAAV-CMV-Cas12f/Cas9-P2A-Puro expression 
vectors, coding sequences for SpaCas12f1, enOsCas12f1 and SpCas9 
were amplified by PCR from the plasmids pCMV-SpaCas12f1- 
gRNA_MS13 (Addgene #190877), pCBh_3xFlag-NLS-enOsCas12f1- 
NLS_pA_phU6_gRNAscaffold-spacer_pCMV_mCherry_pA (Addg
ene #197026), and pSpCas9(BB)-2A-Puro (PX459) V2.0 (Addgene 
#62988), respectively, using primer pairs SpaCas12f1-F/R, enO
sCas12f1-F/R, and SpCas9-F/R. The pAAV backbone fragment was 
amplified from pAAV-CMV-SauriCas9-puro (Addgene #135965) 
using primers pAAV-F/R. The coding sequences of Un1Cas12f1, Os
Cas12f1, and 23 additional Cas12f homologs were human codon opti
mized, synthesized by HuaGene (Shanghai, China), and subsequently 
cloned into the pAAV backbone. Final pAAV-CMV-Cas12f and 
pAAV-CMV-Cas9 plasmids were assembled by recombining the 
PCR-amplified Cas12f/Cas9 fragments with the pAAV backbone us
ing the NEBuilder HiFi DNA Assembly Kit (NEB, E5520). For AAV 
delivery, an all-in-one cassette encoding enPspCas12f1 together with 
the sgRNA_V3.6 scaffold was assembled into the same pAAV back
bone to generate pAAV-enPspCas12f1-sgRNA_V3.6. The amino 
acid sequences of the Cas12f homologs are listed in Table S1, and 
the primer sequences are provided in Table S2.

pSK-hU6-Cas12f/Cas9 sgRNA

To generate pSK-hU6-Cas12f/Cas9 sgRNA expression plasmids, a 
DNA fragment containing the human U6 (hU6) promoter and the 
PspCas12f1 sgRNA scaffold was synthesized by HuaGene (Shanghai, 
China). This fragment was inserted into the pSK vector backbone 
that had been digested with XhoI and ClaI (pSK, Addgene #62540) 
using the NEBuilder HiFi DNA Assembly Kit to produce the basic 
pSK-hU6-PspCas12f1 sgRNA backbone for sgRNA expression in eu
karyotic cells. Corresponding sgRNA scaffold fragments for other 
Cas12f homologs and for SpCas9 were synthesized and integrated 
into the pSK-hU6 backbone in an analogous manner. Specifically, 
the pSK-hU6-PspCas12f1 sgRNA plasmid was linearized by PCR 
amplification with primers PSK-F/R to generate the acceptor back
bone, and each synthesized sgRNA scaffold fragment was assembled 
into this backbone using the same assembly kit to yield the final pSK- 
hU6-Cas12f/Cas9 sgRNA constructs. All sgRNA scaffold sequences 
are provided in Table S1. Target-specific sgRNA inserts were subse
quently introduced at the two BbsI sites of the PSK-hU6-sgRNA 
plasmid.

Phylogenetic analysis of Cas12f orthologs

Amino acid sequences of all previously reported Cas12f orthologs 
with confirmed editing activity in mammalian cells, along with 48 
additional uncharacterized Cas12f variants, were collected for phylo
genetic analysis. Multiple sequence alignment of full-length Cas12f 

www.moleculartherapy.org 

Molecular Therapy Vol. 34 No 11 November 2026 11 

Please cite this article in press as: Liu et al., Rational and computation-assisted engineering of a compact and efficient CRISPR-Cas12f genome editor, Mo-

lecular Therapy (2026), https://doi.org/10.1016/j.ymthe.2026.08.043



proteins was performed using MUSCLE implemented in MEGA11. 
Phylogenetic reconstruction was performed with the IQ-TREE 
Web Server using the best-fit evolutionary model, and branch sup
port was estimated from 1,000 bootstrap replicates. The resulting 
tree was subsequently visualized and annotated in iTOL. Table S1
provides the protein sequences of all Cas12f homologs included in 
the analysis.

Identification of Cas12f orthologs

To identify additional Cas12f orthologs for functional evaluation, we 
first selected 19 representative Cas12f nucleases spanning distinct 
phylogenetic branches based on the evolutionary classification re
ported previously.16 To expand this collection, the amino acid se
quences of AsCas12f1 and SpaCas12f1 were independently used as 
query sequences to search the NCBI non-redundant protein database 
using the SmartBLAST algorithm with default parameters. Candi
date proteins were ranked according to their sequence similarity to 
the query sequence, and proteins with the highest sequence similarity 
were prioritized for further evaluation. To avoid redundant sam
pling, proteins differing from the query sequence by only one amino 
acid were excluded, and when multiple highly similar homologs were 
identified, only a single representative ortholog with the highest 
sequence similarity was retained for subsequent analysis. Based on 
these inclusion and exclusion criteria, three orthologs (Pt3Cas12f1, 
TcCas12f1, and AdCas12f1) were selected from the AsCas12f1 
search, and PspCas12f1, the highest-ranking non-redundant homo
log identified from the SpaCas12f1 search, was selected for further 
experimental characterization. Together with the 19 representative 
Cas12f nucleases, these four selected orthologs constituted the panel 
of 23 Cas12f candidates evaluated in this study.

Identification of Cas12f tracrRNA

Putative tracrRNA sequences of Cas12f orthologs were first predicted 
using the previously reported script Cas12f_tracrRNA_Finder.pl 
and used as references.24 The approximate 3′ ends of tracrRNAs 
were inferred based on complementarity between the tracrRNA 3′

region and the crRNA sequence. To determine the 5′ boundaries, 
candidate tracrRNA fragments of different lengths were linked to 
crRNA sequences via a short linker and subjected to secondary struc
ture prediction using RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/ 
RNAWebSuite/RNAfold.cgi). The integrity and stability of the pre
dicted secondary structures were then evaluated to define the full- 
length tracrRNA sequences for each Cas12f ortholog. The predicted 
tracrRNA sequences were subsequently co-expressed with their cor
responding Cas12f proteins for experimental validation.

Activity assay of sgRNA variants

To evaluate the editing activity of different sgRNA scaffold variants, 
the pSK-hU6 promoter backbone fragment was first amplified 
from the pre-constructed pSK-hU6-PspCas12f1 sgRNA plasmid us
ing the primer pair sgRNA-F/R. All designed sgRNA scaffold variant 
sequences were synthesized by HuaGene (Shanghai, China). Each 
sgRNA scaffold variant was assembled into the pSK-hU6 backbone 
using the NEBuilder HiFi DNA Assembly Master Mix (New England 

Biolabs) to generate plasmids for expressing individual sgRNA var
iants in eukaryotic cells. The sequences of all sgRNA variants are 
listed in Table S3. Target-specific spacer sequences were then cloned 
into the two BbsI restriction sites within the pSK-hU6-sgRNA 
variant plasmids to obtain the final sgRNA expression constructs.

Cell culture and transfection

All cell culture reagents were obtained from Gibco. HEK293T and 
C33A cells were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM), SH-SY5Y cells were maintained in DMEM/F-12 medium, 
and A375 cells were maintained in RPMI 1640 medium. All culture 
media were supplemented with 10% fetal bovine serum (FBS; 
heat inactivated at 56◦C for 30 min) and 1% penicillin-streptomycin. 
Cells were incubated at 37◦C in a humidified atmosphere containing 
5% CO2. For GFP-reporter experiments, reporter-containing cells 
were plated in 10-cm dishes and transfected at 50%–60% confluence 
using polyethyleneimine (PEI), with 10 μg of Cas12f expression 
plasmid and 5 μg of sgRNA expression plasmid per dish. For endog
enous editing assays, cells cultured in 24-well plates were transfected 
at 50%–60% confluence with 500 ng of Cas12f plasmid and 300 ng of 
sgRNA plasmid per well. Puromycin selection was initiated 24 h after 
transfection at 1 ng/μL and maintained for 48 h. After selection, cells 
were returned to drug-free complete medium for continued culture. 
For genome-wide specificity experiments, cells were seeded in 6-well 
plates and grown to 80%–90% confluence prior to counting. 2 × 105 

cells were mixed with 500 ng Cas12f expression plasmid, 500 ng 
sgRNA expression plasmid, and 1 μL annealed dsODNs, then elec
troporated. Following electroporation, cells were transferred to com
plete DMEM and cultured for the indicated period.

GFP-activation assay

As described previously,38 the GFP-activation reporter cassette was 
stably introduced into HEK293T cells. The reporter contained a 
5-bp randomized sequence followed by a 24-bp target sequence posi
tioned between the ATG start codon and the GFP coding region, 
thereby disrupting the GFP reading frame and suppressing fluores
cence. Cas12f-induced cleavage followed by DNA repair can 
generate indels that re-establish the reading frame, resulting in 
GFP expression. The GFP-activation system was used as a sensitive 
and high-throughput tool to screen Cas12f variants for editing activ
ity and to identify PAM preferences and specificity profiles.

PAM identification

PAM preferences were profiled using the GFP-activation reporter 
library. The library contained a 5-nt randomized region positioned 
between the GFP start codon and coding sequence, with the sequence 
context 5′-NNNNNGGATATGTTGAAGAACACCATGAC-3′. Re
porter library cells were plated in 10-cm dishes and, upon reaching 
50%–60% confluence, transfected with 10 μg of Cas12f plasmid and 
5 μg of sgRNA plasmid using PEI. Five days after transfection, 
GFP-positive cells were sorted on an MA900 flow cytometer. 
Genomic DNA from the enriched GFP-positive population was ex
tracted using the DNeasy Blood & Tissue Kit (QIAGEN). Target re
gions were PCR amplified, sequencing libraries were prepared, and 
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samples were subjected to next-generation sequencing. To extract 
PAM sequences, 15-bp flanking anchor sequences 5′-TTGTTTGC 
CACCATG-3′ and 5′-GTGAGCAAGGGCGAG-3′ were used to fix 
the target region. The anchor indices ATG and GGATATGTTG 
AAGAA were used to locate the region of interest. The 5-bp random
ized sequence between these anchors was extracted from sequencing 
reads and visualized using WebLogo39 and PAM wheel plots40 to 
determine the PAM recognized by Cas12f.

Endogenous genome-editing assay

For endogenous editing, HEK293T cells cultured in 24-well plates 
were transfected at 50%–60% confluence with 500 ng of Cas12f 
expression plasmid and 300 ng of sgRNA expression plasmid 
per well using PEI. Puromycin selection (1 ng/μL) was initiated 
24 h later and continued for 48 h. Cells were subsequently main
tained in drug-free complete medium. Genomic DNA was prepared 
with QuickExtract from cells collected 5–7 days after transfection. 
Amplicon libraries were generated by two sequential PCRs, with 
Illumina-compatible adapters incorporated during the second 
amplification. After purification with the QIAquick Gel Extraction 
Kit (QIAGEN), the products were subjected to deep sequencing. 
Target sequences are provided in Table S4.

Cas12f-specificity assay

To assess the specificity of PspCas12f1 and enPspCas12f1, HEK293T 
cells cultured in 24-well plates were transfected at 50%–60% conflu
ence with 500 ng of Cas12f expression plasmid and 300 ng of a 
mismatch-containing sgRNA plasmid. Mutations were introduced 
at positions 1–20 of the sgRNA as single- or double-nucleotide sub
stitutions. Puromycin was applied 24 h after transfection at 1 ng/μL 
for 48 h. Drug-free medium was restored after selection. Genomic 
DNA was collected with QuickExtract 5–7 days after transfection. 
Sequencing libraries were produced by two rounds of PCR, with 
Illumina adapters incorporated during the second round, and puri
fied using the QIAquick Gel Extraction Kit (QIAGEN) before high- 
throughput sequencing.

Test of sgRNA and Cas12f mutant activity

The activities of engineered sgRNA variants, including truncated, 
substituted, and combinatorial forms, as well as Cas12f protein mu
tants carrying single, double, or triple amino acid substitutions, were 
evaluated in 24-well plates. When the cells reached 50%–60% conflu
ence, transfections were performed as follows. For sgRNA variants, 
500 ng of the WT Cas12f expression plasmid was co-transfected 
with 300 ng of the corresponding sgRNA variant plasmid. For 
Cas12f mutants, 500 ng of the Cas12f mutant plasmid was co-trans
fected with 300 ng of the sgRNA_V2.9 plasmid. All transfections 
used PEI. At 24 h post-transfection, puromycin was added at a final 
concentration of 1 ng/μL for 48 h, and cells were then maintained in 
drug-free medium. Cells were collected on days 5–7, and genomic 
DNA was prepared using QuickExtract. Sequencing libraries were 
constructed by two sequential PCRs with Illumina adapters incorpo
rated in the second PCR and purified with the QIAquick Gel Extrac
tion Kit (QIAGEN) prior to deep sequencing.

GUIDE-seq

GUIDE-seq experiments were performed using nine sgRNAs 
targeting nine endogenous sites across seven genes, ANAPC15, 
RUNX1, CFTR, PPP1R12C, RNF2, EMX1, and DYRK1A, to evaluate 
genome-wide off-target activity of PspCas12f1 and enPspCas12f1. 
HEK293T cells were seeded in 6-well plates, grown to 80%–90% 
confluence, then collected and counted. For each reaction, 2 × 105 cells 
were mixed with electroporation solution and protector solution at a 
ratio of 4.5 to 1. To this mixture, 500 ng Cas12f expression plasmid, 
500 ng sgRNA expression plasmid, and 1 μL annealed dsODN were 
added. The mixture was transferred to an electroporation cuvette 
and electroporated using a Lonza electroporation device with the 
HEK-293 program. After electroporation, cells were immediately 
transferred to complete medium and cultured for 5 days. Genomic 
DNA was purified with the DNeasy Blood & Tissue Kit (QIAGEN). 
Target loci were amplified by nested PCR, after which the products 
were gel purified and subjected to paired-end sequencing on an Illu
mina X Plus platform. After unique molecular identifier (UMI)-based 
duplicate removal, an average of 446,294 UMI-collapsed GUIDE-seq 
reads was retained per library, corresponding to a mean of 649 UMI- 
supported reads per detected integration site. Raw paired-end reads 
were processed with the previously described GUIDE-seq computa
tional pipeline.32 Reads were first demultiplexed according to sam
ple-specific dual-index barcodes, and libraries containing fewer than 
10,000 reads were excluded from downstream analysis. UMIs were ex
tracted from the index reads and used to collapse PCR duplicates by 
retaining, for each genomic integration site, the dominant UMI spe
cies (minimum base quality ≥ 15; minimum UMI frequency ≥ 0.9 
within each duplicate cluster). UMI-collapsed reads were aligned to 
the human reference genome (hg38) using BWA with default 
paired-end alignment parameters. Candidate off-target cleavage sites 
were identified by clustering dsODN integration events and matching 
them to genomic loci with up to six mismatches relative to the in
tended protospacer-PAM sequence. To eliminate background dsODN 
integration events, candidate sites detected in the negative control 
(Cas12f expression plasmid and dsODN without sgRNA) were 
removed using bedtools. Only candidate sites passing these filtering 
criteria were retained for downstream off-target analysis.

AAV packaging and transduction

HEK293T cells were plated in 15-cm dishes and transfected with PEI 
at approximately 70% confluence. Each dish received 40 μg of total 
plasmid DNA, comprising 10 μg pAAV-enPspCas12f1-sgRNA_V3.6 
expression plasmid, 10 μg pAAV-DJ packaging plasmid, and 20 μg 
pAAV-Helper plasmid. Twelve hours later, the medium was 
exchanged for DMEM containing 1% FBS and 1% penicillin-strepto
mycin. Viral supernatant was collected at 48 h and maintained at 
4◦C. At 96 h, a second supernatant collection was performed, and 
cells were pelleted by centrifugation at 1,000 rpm for 10 min at 
4◦C. The pellet was resuspended in 500 μL PBS and subjected to 
3–4 freeze-thaw cycles, each consisting of 5 min in liquid nitrogen 
followed by 5 min at 37◦C. After another centrifugation at 
1,000 rpm for 10 min at 4◦C, the resulting supernatant was pooled 
with the previously collected fractions. The combined suspension 
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was passed through a 0.45-μm membrane, mixed with 5× PEG-8000, 
and incubated at 4◦C overnight. Viral particles were pelleted the next 
day by centrifugation at 4,000 rpm for 2 h at 4◦C, resuspended in 
PBS, and stored at − 80◦C. AAV genome titers were quantified by 
qPCR. SH-SY5Y, A375, and C33A cells were plated in 24-well plates 
and exposed to 25 μL of AAV per well at approximately 50% conflu
ence, corresponding to an MOI of approximately 1 × 105. Cells were 
collected 7 days later. Genomic DNA was then extracted, and editing 
efficiencies were determined by targeted deep sequencing.

Statistics and reproducibility

Unless noted otherwise, experiments included at least three indepen
dent biological replicates; the exact replicate number for each exper
iment is specified in the corresponding figure legend. Data are re
ported as mean ± SD, and statistical analyses were carried out in 
GraphPad Prism 10. Student’s t test was used for two-group compar
isons, whereas one-way analysis of variance (ANOVA) was applied 
when more than two groups were compared. p < 0.05 was considered 
statistically significant, with significance levels denoted as *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001.

Protein engineering strategy design

Homology-based design (strategy 1)

PspCas12f1 and its homolog AsCas12f1 were aligned using 
CLUSTALX (v.1.83), and the complete pairwise sequence alignment 
is provided in Figure S23. Residue positions in PspCas12f1 were 
considered suitable for homology-based mutagenesis when the cor
responding 11 amino acid sliding window, centered on the candi
date residue and extending five residues in each direction, exhibited 
>50% sequence similarity between PspCas12f1 and AsCas12f1. This 
window size was selected to capture the local sequence context sur
rounding each residue while preserving sufficient evolutionary con
servation for reliable homology-based comparison. An 11-residue 
window spans approximately three turns of an α helix (∼3.6 resi
dues per turn) or a typical β strand segment, thereby encompassing 
the local structural environment most likely to influence residue 
identity and function. Candidate positions meeting the sequence- 
similarity criterion were subsequently evaluated with reference to 
previously reported mutational studies of AsCas12f1.31 The corre
sponding AsCas12f1 substitutions were ranked according to their 
experimentally determined fold changes in genome-editing activity 
relative to WT AsCas12f1. Substitutions that enhanced AsCas12f1 
activity were prioritized, with variants showing larger activity im
provements receiving higher priority for introduction at the corre
sponding homologous positions in PspCas12f1. Based on the local 
sequence-similarity criterion and the reported activity rankings, 
22 candidate substitutions were selected for experimental evaluation 
(Table S5).

PLM-based prediction (strategy 2)

The SaProtHub_v2 Web Toolkit was used to predict the functional 
effects of all possible single-point mutations in PspCas12f1 
(Table S6). When multiple substitutions were predicted for the 
same residue, only the substitution with the highest predicted activ

ity score was retained. The eight highest-scoring candidate muta
tions were subsequently selected for experimental evaluation.

Structure-informed rational design (strategies 3 and 4)

A structural model of the PspCas12f1 dimer bound to target DNA was 
generated using AlphaFold3 (https://alphafoldserver.com/welcome). 
Strategy 3 focused on the protein dimerization interface because 
Cas12f1 functions as a dimer. According to their local interfacial envi
ronment, candidate residues were substituted with amino acids that 
have the potential to enhance dimer formation and stability, including 
positively charged or potentially protonatable residues (K, R, and H), 
hydrophobic residues (L and M), an aromatic residue capable of both 
hydrophobic interactions and hydrogen bonding (Y), and an un
charged polar residue (Q). These substitutions were designed to probe 
different types of intermolecular interactions, including electrostatic 
interactions, hydrogen bonding, hydrophobic packing, and aromatic 
interactions, that may improve interfacial complementarity and dimer 
stability. Using this strategy, we generated 17 mutants for experi
mental evaluation.

For strategy 4, the DNA-binding interface was defined as residues 
located within 6 Å of the DNA phosphate backbone, with distances 
measured in PyMOL. In Rosetta-based protein design, residues 
within approximately 6–8 Å of a ligand are typically included in 
the design sphere for mutagenesis. Consistent with this principle, a 
recent engineering study of Cas12j-8 also used an 8 Å distance cutoff 
to define candidate residues for structure-guided optimization.41 To 
prioritize residues most likely to directly influence protein-DNA in
teractions while maintaining a manageable experimental search 
space, we adopted a more stringent cutoff of 6 Å. A total of 26 resi
dues were located within 6 Å of the DNA in the predicted structure, 
giving rise to 39 candidate mutations (Table S7). Among these, 16 
candidate mutations with SaProt scores greater than 0 were retained 
as the initial candidate pool for strategy 4. These candidates were 
then subjected to additional filtering based on both predicted struc
tural stability and structural analysis. Specifically, mutation-induced 
changes in folding free energy (ΔΔG) were calculated using FoldX 
(v.5.0), and only mutations with predicted ΔΔG values < 1.5 kcal/ 
mol, indicating minimal effects on protein stability,42 were retained. 
In addition, PyMOL was used to exclude residues that already 
formed hydrogen bonds with the DNA phosphate backbone in the 
WT structural model, thereby prioritizing mutations with the poten
tial to establish new electrostatic interactions with DNA. Applying 
these complementary criteria reduced the candidate set from 16 to 
9 mutations, which were subsequently selected for experimental 
evaluation. The complete list of candidate residues, their distances 
to the DNA, and their corresponding SaProt scores is provided in 
Table S7.

Statistical analysis of protein engineering experiments

For the protein engineering experiments, all engineered PspCas12f1 
variants included in this analysis, together with WT PspCas12f1, 
were evaluated using the sgRNA_V2.9 scaffold at the ANAPC15 
target site under identical experimental conditions, except for the 
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subset of variants additionally tested at the PPP1R12C target site in 
Figure 3C, as indicated in the figure. Each variant was assessed using 
three independent biological replicates (n = 3). The efficiency fold 
change for each variant was calculated as the indel frequency of 
the corresponding mutant divided by the indel frequency of WT 
PspCas12f1 measured in the same experiment. All reported values 
represent the mean of three independent biological replicates. WT 
PspCas12f1 and all mutant variants were processed in parallel using 
identical transfection, cell culture, genomic DNA extraction, library 
preparation, and sequencing procedures to ensure direct compara
bility across all measurements.

All statistical analyses were performed using Python 3.12. A compre
hensive retrospective analysis of the correlation between SaProt 
scores and experimental activity was conducted on all 107 missense 
mutants evaluated across different engineering strategies. Spearman 
correlation coefficients and associated p values were calculated using 
the spearmanr function from the scipy.stats module (v.1.13.1). Dif
ferences in editing efficiency between groups were assessed using 
independent-samples t tests. ROC curves, AUC, PR curves, and 
confusion matrices were generated using the sklearn.metrics module 
(v.1.5.2). Effect sizes were quantified using Cohen’s d according to 
Equation 1:

Cohen′s d = (M2 − M1)

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(SD1
2+SD2

2)=2
√

: (Equation 1) 

Scatterplots and box plots were created using the matplotlib library 
(v.3.8.4). All efficiency fold changes are listed in Table S8.

Protein structural analysis

Structural visualization and figure preparation for all modeled struc
tures were performed using the graphical interface of PyMOL. For 
the structural representations shown in Figures 3 and S16, the dis
tances between the mutated residues and the DNA were displayed 
for both the WT and mutant structures. Mutation-induced DNA 
contacts and newly formed hydrogen bonds were annotated to 
facilitate structural interpretation of the observed changes in 
genome-editing activity.
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Figure S1. Analysis of newly identified Cas12f orthologs. (A) Phylogenetic 
tree of newly identified and previously reported Cas12f orthologs. Previously 
characterized Cas12f orthologs are highlighted in red, whereas the Cas12f 
orthologs characterized in this study are highlighted in blue. (B) Representative 
genomic loci and predicted tracrRNA sequences of PspCas12f1 and TcCas12f1, 
shown from top to bottom. For each locus, repeat sequences are displayed 
above, and corresponding tracrRNA sequences are shown below. 



 2 

 
 

Figure S2. Predicted sgRNA secondary structures of 12 Cas12f orthologs. 
Secondary structures of sgRNAs from 12 Cas12f orthologs were predicted 
using the RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi). 
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Figure S3. Predicted sgRNA secondary structures of 11 Cas12f orthologs. 
Secondary structures of sgRNAs from 11 Cas12f orthologs were predicted 
using the RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi). 
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Figure S4. Test of Cas12f ortholog activity using a GFP-activation reporter 
system. Twenty Cas12f orthologs did not induce GFP expression upon 
transfection. Percentages of GFP-positive cells are shown. 
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Figure S5. Deep sequencing analysis of indel formation at target sites by 
Cas12f orthologs. (A) Schematic of the reporter library sequence, with the 
ATG start codon shown in red, the PAM sequence in blue, and the GFP coding 
region in green. (B) Indel profiles at target sites for Un1Cas12f1. (C) Indel 
profiles at target sites for PspCas12f1. (D) Indel profiles at target sites for 
TcCas12f1. 
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Figure S6. Comparison of the genome-editing efficiencies of PspCas12f1, 
SpaCas12f1, and OsCas12f1. Genome-editing efficiencies of PspCas12f1, 
SpaCas12f1, and OsCas12f1 were evaluated at 13 endogenous genomic loci 
in HEK293T cells, including nine loci with a CTTC PAM and four loci with a 
TTTC PAM. Indel frequencies were quantified by targeted deep sequencing. 
Data are presented as mean ± standard deviation (s.d.) from three independent 
biological replicates (n = 3). Statistical significance was determined with a 
threshold of P < 0.05 (*P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). 
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Figure S7. Comparison of the genome-editing efficiencies of TcCas12f1 
and OsCas12f1. Genome-editing efficiencies of TcCas12f1 and OsCas12f1 
were evaluated at 14 endogenous genomic loci in HEK293T cells. Indel 
frequencies were quantified by targeted deep sequencing. Data are presented 
as mean ± standard deviation (s.d.) from three independent biological replicates 
(n = 3). Statistical significance was determined with a threshold of P < 0.05 (*P 
< 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). 
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Figure S8. Comparison of the genome-editing efficiencies of PspCas12f1, 
SpaCas12f1, TcCas12f1 and OsCas12f1. (A) Boxplots of indel frequencies 
generated by PspCas12f1, SpaCas12f1, and OsCas12f1. (B) Boxplots of indel 
frequencies generated by TcCas12f1 and OsCas12f1. Boxes represent the 
interquartile range, the center line indicates the median, and whiskers denote 
the minimum and maximum values. Each data point represents the mean indel 
frequency at one endogenous target site from three independent biological 
replicates. Statistical significance was determined with a threshold of P < 0.05 
(*P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). 
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Figure S9. Optimization of spacer length. (A–B) Schematics of the target 
sequences and PAMs for the PPP1R12C (A) and EMX1 (B) loci. Spacer 
sequences ranging from 17 to 25 nucleotides were designed for each target 
site and are shown below the corresponding target. Editing efficiencies 
associated with different spacer lengths are displayed in the lower panels, with 
the most efficient spacer length highlighted in orange. Data are presented as 
mean ± standard deviation (s.d.) from three independent experiments (n = 3). 
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Figure S10. Comparison of genome-editing efficiencies of PspCas12f1, 
SpaCas12f1, and enOsCas12f1. (A) Editing efficiencies of PspCas12f1, 
SpaCas12f1, and enOsCas12f1 at 12 endogenous loci in HEK293T cells. Indel 
frequencies were quantified by targeted deep sequencing. Data are presented 
as mean ± standard deviation (s.d.) from three independent experiments (n = 
3). (B) Boxplots of indel frequencies generated by PspCas12f1, SpaCas12f1, 
and enOsCas12f1. Boxes represent the interquartile range, the center line 
indicates the median, and whiskers denote the minimum and maximum values. 
Each data point represents the mean indel frequency at one endogenous target 
site from three independent biological replicates. Statistical significance was 
determined with a threshold of P < 0.05 (*P < 0.05, ** P < 0.01, *** P < 0.001, 
and **** P < 0.0001). 
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Figure S11. Comparison of genome-editing efficiencies of eight truncated 
sgRNA variants. (A) Predicted secondary structures of the eight truncated 
sgRNA variants. All secondary-structure predictions were generated using the 
RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi). (B) Editing efficiencies of the wild-type sgRNA 
and the eight truncated sgRNA variants at three endogenous loci in HEK293T 
cells. Editing efficiencies were quantified as indel frequencies by targeted deep 
sequencing. Data are presented as mean ± standard deviation (s.d.) from three 
independent experiments (n = 3). 
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Figure S12. Comparison of genome-editing efficiencies of ten sgRNA 
variants containing nucleotide substitutions. (A) Predicted secondary 
structures of ten sgRNA variants carrying nucleotide substitutions. All 
secondary-structure predictions were generated using the RNAfold Web Server 
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi). (B) Editing 
efficiencies of the wild-type sgRNA, sgRNA_V1.7, and the ten-nucleotide-
substitution variants at three endogenous loci in HEK293T cells. Editing 
efficiencies were quantified as indel frequencies by targeted deep sequencing. 
Data are presented as mean ± standard deviation (s.d.) from three independent 
experiments (n = 3). 
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Figure S13. Comparison of genome-editing efficiencies of seven sgRNA 
variants containing combinatorial substitutions. (A) Predicted secondary 
structures of seven sgRNA variants carrying combinatorial nucleotide 
substitutions. All secondary-structure predictions were generated using the 
RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-
bin/RNAWebSuite/RNAfold.cgi). (B) Editing efficiencies of the wild-type sgRNA, 
selected high-activity variants (sgRNA_V1.7, sgRNA_V2.6, and sgRNA_V2.9), 
and the seven combinatorial-substitution variants at three endogenous loci in 
HEK293T cells. Editing efficiencies were quantified as indel frequencies by 
targeted deep sequencing. Data are presented as mean ± standard deviation 
(s.d.) from three independent experiments (n = 3). 
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Figure S14. Comparison of editing efficiencies of PspCas12f1 single-point 
mutants predicted by different strategies. (A–C) Editing efficiencies of wild-
type PspCas12f1 and single-point mutants predicted by Strategy 1 (A, 22 
mutants), Strategy 2 (B, 8 mutants) and Strategy 3 (C, 17 mutants) at a single 
endogenous locus in HEK293T cells. Indel frequencies were quantified by 
targeted deep sequencing. Blue bars denote the wild type and individual single-
point mutants, whereas orange bars indicate mutants exhibiting enhanced 
editing activity. (D) Quantitative comparison of editing efficiencies for all single-
point mutants predicted across Strategies 1-4, normalized to wild-type 
PspCas12f1. Data are presented as mean ± standard deviation (s.d.) from three 
independent experiments (n = 3). Statistical significance was determined with 
a threshold of P < 0.05 (*P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 
0.0001). 
 
 

 
 

Figure S15. Distribution of efficiency fold changes stratified by a SaProt 
score threshold of zero. Boxplots showing the distribution of efficiency fold 
changes for mutants with SaProt scores ≤ 0 and > 0. Sample sizes (n), group 
means, and P values from Student's t-test and Mann–Whitney test are indicated. 
Cohen's d is shown as a measure of effect size. 
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Figure S16. Predicted structural basis for the enhanced activity of the 
Q100R and E293R variants. (A) Overall predicted structure of the 
PspCas12f1–sgRNA–DNA complex. (B, C) Predicted structural model and 
close-up view of local residue–DNA interactions for the Q100R variant. (D, E) 
Predicted structural model and close-up view of local residue–DNA interactions 
for the E293R variant. Protein structure models were generated using the 
AlphaFold3 server. Gray dashed lines indicate predicted residue–DNA 
distances, whereas yellow dashed lines indicate predicted hydrogen bonds. 
Numbers indicate the corresponding predicted distances in Å. 
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Figure S17. Comparative analysis of the genome-editing efficiency of 
PspCas12f1 and enPspCas12f1. (A) Editing efficiencies of PspCas12f1 and 
enPspCas12f1 across 30 endogenous loci in HEK293T cells. Indel frequencies 
were quantified by targeted deep sequencing. (B) Quantitative summary and 
statistical analysis of the editing efficiencies shown in panel (A). Data are 
presented as mean ± standard deviation (s.d.) from three independent 
experiments (n = 3). Statistical significance was determined with a threshold of 
P < 0.05 (*P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). 
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Figure S18. Genome-wide off-target analysis of PspCas12f1 and 
enPspCas12f1 using GUIDE-seq. Target sequences for five additional 
endogenous sites are shown on the left, and corresponding read counts for on-
target and off-target sites are shown on the right. 
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Figure S19. Enhanced genome-editing activity of enPspCas12f1 at 
hearing loss–associated therapeutic target genes. (A) Comparison of 
genome-editing efficiencies of PspCas12f1-sgRNA_WT and enPspCas12f1-
sgRNA_V3.6 at 12 endogenous target sites within each of the CIDEA and 
GSDMD genes in HEK293T cells. Indel frequencies were quantified by targeted 
deep sequencing. (B, C) Distribution of genome-editing efficiencies across the 
12 endogenous target sites in CIDEA (B) and GSDMD (C) for PspCas12f1-
sgRNA_WT and enPspCas12f1-sgRNA_V3.6. Boxes represent the 
interquartile range, the center line indicates the median, and whiskers denote 
the minimum and maximum values. Each data point represents the mean indel 
frequency at one endogenous target site from three independent biological 
replicates. Statistical significance was determined with a threshold of P < 0.05 
(*P < 0.05, ** P < 0.01, *** P < 0.001, and **** P < 0.0001). 
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Figure S20. Genome-editing activities of AAV-delivered enPspCas12f1 in 
different cell lines. (A–C) Genome-editing efficiencies of an all-in-one AAV 
vector expressing enPspCas12f1-sgRNA_V3.6 at 12 endogenous genomic 
target sites in SH-SY5Y (A), A375 (B), and C33A (C) cells. Indel frequencies 
were quantified by targeted deep sequencing. Data are presented as mean ± 
standard deviation (s.d.) from three independent experiments (n = 3). 
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Figure S21. Evaluation of the relationship between SaProt protein-
language-model predictions and experimentally measured Efficiency 
Fold Change. (A) Scatter plot comparing SaProt-predicted scores with 
experimentally determined Efficiency Fold Change. Correlation strength was 
assessed using Spearman’s rank correlation (ρ = 0.245). (B) Receiver 
operating characteristic (ROC) curve with an area under the curve (AUC) of 
0.637. (C) Precision–Recall curve. (D) Confusion matrix generated by 
dichotomizing variants using the median Efficiency Fold Change. 
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Figure S22. Comparison of PspCas12f1 mutant-screening performance 
across different SaProt prediction thresholds. (A) Statistical significance (p-
values) for between-group comparisons across a range of prediction thresholds. 
The dashed line indicates the significance cutoff (p = 0.05). Thresholds of 0 and 
1.536 are highlighted. (B) Between-group effect sizes (Cohen’s d) across 
prediction thresholds, with values at thresholds 0 and 1.536 marked for 
comparison. (C) Boxplot showing the distribution of Efficiency Fold Change 
when mutants are grouped using a threshold of 0 (default grouping). Sample 
sizes (n), group means, and p values from statistical tests are indicated. (D) 
Boxplot showing the distribution of Efficiency Fold Change when mutants are 
grouped using a threshold of 1.536. Sample sizes (n), group means, and p 
values from statistical tests are indicated. 
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Figure S23. Local sequence alignments of candidate mutation sites 
between PspCas12f1 and AsCas12f1 for Strategy 1. Local sequence 
alignments of PspCas12f1 and AsCas12f1 surrounding each candidate residue 
selected for homology-based mutagenesis. Each panel displays an 11-amino-
acid sliding window centered on the candidate residue (±5 residues), the 
corresponding residue positions in the two proteins, and the sequence similarity 
within the window. Black boxes indicate the residues selected for mutagenesis. 
Dark and light shading indicate identical and non-identical amino acid residues, 
respectively. 
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Supplemental Tables 

Table S1. The sequences of the Cas12f orthologs and sgRNA scaffolds 

Table S2. Primers used in this study 

Table S3. The sequences of sgRNA variants 

Table S4. Target sites used in this study 

Table S5. Single-point mutations predicted by Strategy 1 

Table S6. Single-point mutations predicted by Strategy 2 



Table S7. Candidate mutations at residues within 6 Å of DNA with corresponding SaProt scores and efficiency fold changes

Site Distance_to_DN
A Mutant SaProt_score Group Efficiency Fold

Change
Efficiency Fold
Change_bin ΔΔG

84 4.3 T84R 3.116438866 Saprot>0 0.40931617 0 -1.53523
100 1.3 Q100R 0.822889686 Saprot>0 1.13677876 1 -0.885744
81 4.7 S81K 1.744920731 Saprot>0 1.14115416 1 -0.379745
342 1.4 K342R 0.051902309 Saprot>0 0.94418469 0 -0.148718
152 5.8 N152K 2.127695322 Saprot>0 0.80983626 0 0.0102383
204 5.8 Q204K 1.737418056 Saprot>0 1.0141937 1 0.0704506
165 3.4 T165R 1.837360144 Saprot>0 0.64946323 0 0.359428
290 3.2 Q290R 1.439507484 Saprot>0 0.94309789 0 0.494522
293 3.2 E293R 0.396849573 Saprot>0 1.49713423 1 0.537373
164 2 T164H 0.468631804 Saprot>0 0.44417511 0 1.50858
333 4.1 S333H 1.505684733 Saprot>0 0.94657662 0 1.56078
80 3 Y80K 1.435004592 Saprot>0 0.2663605 0 1.64646
78 3.7 D78R 0.630534291 Saprot>0 0.554069 0 1.77896
78 3.7 D78K 2.542242765 Saprot>0 0.52628629 0 1.96074
80 3 Y80R 1.33555162 Saprot>0 0.30688767 0 2.19598
154 2.6 N154K 1.475261092 Saprot>0 0.29307832 0 3.25806
74 5 K74R -2.267720461 Saprot<0 0.83055919 0
84 4.3 T84Y -1.281552672 Saprot<0 0.37227576 0
96 2.8 N96Y -0.25500688 Saprot<0 0.30437361 0
97 3.2 Q97R -1.004883766 Saprot<0 0.37310642 0
100 1.3 Q100L -0.578225017 Saprot<0 0.48872006 0
100 1.3 Q100Y -0.600442588 Saprot<0 0.67857672 0
100 1.3 Q100H -0.9549914 Saprot<0 0.45989182 0
108 1.1 N108R -0.18908295 Saprot<0 0.64335141 0
133 2.2 N133K -1.052599669 Saprot<0 0.62050849 0
133 2.2 N133R -1.981839538 Saprot<0 0.47875468 0

25



154 2.6 N154H -1.507827401 Saprot<0 0.28731759 0
157 3.4 S157N -1.129147649 Saprot<0 0.33309074 0
157 3.4 S157H -3.930332661 Saprot<0 0.29766023 0
157 3.4 S157L -6.078481197 Saprot<0 0.27061904 0
165 3.4 T165M -2.338695288 Saprot<0 0.54887565 0
191 1.8 P191R -2.362500668 Saprot<0 0.62988592 0
192 2.3 K192H -0.800340772 Saprot<0 0.80133919 0
192 2.3 K192R -1.001986504 Saprot<0 1.02139669 1
193 1.7 G193R -2.840811491 Saprot<0 0.28819899 0
193 1.7 G193K -3.428968906 Saprot<0 0.30166449 0
194 3.9 I194R -8.607885361 Saprot<0 0.27286329 0
195 3.4 Q195R -1.332035422 Saprot<0 0.36955302 0
211 3.9 P211R -1.950201511 Saprot<0 0.27959604 0

Mutations with SaProt > 0 and ΔΔG < 1.5 kcal/mol are highlighted in red;
mutations with SaProt > 0 and ΔΔG > 1.5 kcal/mol are highlighted in blue;
all remaining mutations with SaProt ≤ 0 are shown in black.
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Table S8. Genome-editing efficiency fold changes of PspCas12f1 mutants 

relative to wild-type 

Table S9. Raw data in this study 
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