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m Al-guided prediction of structures and residues interacting with nucleic acids.
m Engineering highly active and specific Cas-SF01.

= High editing efficiency in animals and plants.
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The type V-1 CRISPR-Cas system is becoming increasingly more attractive
for genome editing. However, natural nucleases of this system often exhibit
low efficiency, limiting their application. Here, we used structure-guided
rational design and protein engineering to optimize an uncharacterized
Cas12i nuclease, Cas12i3. As a result, we developed Cas-SF01, a Cas12i3
variant that exhibits significantly improved gene editing activity in mamma-
lian cells. Cas-SF01 shows comparable or superior editing performance
compared to SpCas9 and other Cas12 nucleases. Compared to natural
Cas12i3, Cas-SF01 has an expanded PAM range and effectively recognizes
NTTN and noncanonical NATN and TTVN PAMs. In addition, we identified an
amino acid substitution, D876R, that markedly reduced the off-target effect
while maintaining high on-target activity, leading to the development of Cas-
SFO1"F (high-fidelity Cas-SF01). Finally, we show that Cas-SFO1 has high
gene editing activities in mice and plants. Our results suggest that Cas-
SFO1 can serve as a robust gene editing platform with high efficiency and
specificity for genome editing applications in various organisms.

INTRODUCTION

Over the past decade, CRISPR-Cas systems have been rapidly developed for
gene editing in eukaryotes, contributing significantly to biomedical research,
gene therapy, and plant and animal breeding."? Beyond the well-established
type Il Cas9 system, an increasing number of previously unexplored Cas systems
have been discovered, which possess significant potential for various gene
editing applications. Although the natural Cas system often exhibits low activity,
protein engineering has been successful in improving the performance of Cas
nucleases, including enhancing editing efficiency, broadening protospacer adja-
cent motif (PAM) range, and reducing off-target effects.®*

The Cas12i subfamily of nucleases, which belongs to the type V-l Cas system,
has attracted attention due to the gene editing activities of some of its members
as well as their smaller protein sizes in comparison to Cas9 and Cas12a.® Struc-
tural studies have provided insights into the molecular mechanism of gene edit-
ing by Cas12i1 and Cas12i2, offering important information for optimizing Cas12i
family nucleases.® © Recently, Zhang et al. identified a new Cas12i nuclease and
generated a robust version, hfCas12Max, via protein engineering.” Nevertheless,
several Cas12i nucleases remain poorly characterized, providing opportunities
for further development.

A recent report showed that Cas12i3 has gene editing activity in animal cells,
but the activity is low.” In this study, we used rational design and protein engineer-
ing to optimize Cas12i3, resulting in the development of a robust Cas12i3 variant,
Cas-SF01. Cas-SFQ1 exhibits high gene editing efficiencies in mammalian cells,
mice, and plants. In addition, we developed Cas-SFO1"™ a high-fidelity version of
Cas-SF01 that displays improved editing specificity.

RESULTS
Identification of improved Cas12i3 variants with single arginine
substitutions

The natural Cas12i3 contains 1,045 amino acids (aa), smaller than SpCas9
(1,368 aa) and similar to the previously characterized Cas12i2 (1,054 aa) (Fig-
ure STA). Despite sharing only 29% identity with Cas12i2 in amino acid sequence,

Cas12i3 has the same domain structure as Cas12i2 (Figures S1B and S1C). To
assess the similarity between the 2 Cas12i nucleases, we used AlphaFold to
predict the structure of Cas12i3 and compared it with a reported Cas12i2 struc-
ture® in the presence of CRISPR RNA (crRNA). As expected, Cas12i3 shares
significant structural similarity with Cas12i2 (root-mean-square deviation = 2.4)
(Figure S1D).

One strategy for improving the nuclease activity of a Cas protein is to enhance
its interaction with nucleic acids.>*® Based on the reported protein structure of
Cas12i2° we identified corresponding residues in Cas12i3 that potentially
mediate the interaction of Cas12i3 with crRNA and substrate DNA (Figure STE).
To enhance the electrostatic interactions between these residues with the nega-
tively charged nucleic acids, we sought to substitute them with the positively
charged arginine (R). To this end, we constructed a pool of more than 150
Cas12i3 variants, each containing a single R substitution, for subsequent
screening (Figure 1A).

To screen for Cas12i3 variants with increased editing efficiency, we cloned
each Cas12i3 variant into an all-in-one expression system, in which the Cas pro-
tein was fused with an EGFP tag, and an U6 promoter-driven crRNA targeting
the FUT8 gene was co-expressed from the same construct (Figure 1B). We
then transfected these constructs into Chinese hamster ovary (CHO) cells
and selected GFP* cells by fluorescence-activated cell sorting (FACS). Editing
efficiency was determined by next-generation sequencing (NGS) of the target
site (Figure 1B). The results showed that wild-type Cas12i3 exhibits a relatively
low editing efficiency, averaging ~30%, and more than 50% of the Cas12i3
variants performed similarly as the wild-type Cas12i3, with fewer than 50%
changes in activity (Figure 1C). We selected 26 Cas12i3 variants that showed
an editing efficiency exceeding 1.5-fold of that of the wild-type Cas12i3 for
further validation using the same assay. The validation assay identified 8 vari-
ants, namely S7R, N168R, D233R, T235R, D267R, T505R, S599R, and D851R,
that substantially improved the editing performance of Cas12i3 in CHO cells
(Figure 1D).

Combinations of aa substitutions generate a highly efficient Cas12i3
variant, Cas-SF01

Next, we sought to determine whether combinations of the aforementioned
single aa variants can further improve the gene editing efficiency of Cas12i3.
Since these mutations were located in 2 regions of Cas12i3, the region that inter-
acts with the PAM duplex and the region that interacts with the target DNA
strand, we decided to first examine the combinations of mutations within each
region.

For the PAM-interacting region, we selected 4 mutations from the initial screen,
namely S7R, N168R, D233R, and T235R, which are located in the WED-I, Helical-l,
or Pl domain of the REC lobe surrounding the PAM duplex (Figures 2B and S2A—
S2D). Inspired by a previous report on the engineering of Cas12i22 we also
included another two mutations, N168Y and G169W. Given that the S7R muta-
tion exhibited the most robust editing performance in the initial screen (Fig-
ure 1D), we decided to combine it with the other mutations and constructed a
mutation library containing 23 combinations. The editing efficiency of each com-
bination was determined using the EGxxFP reporter system, in which the EGFP
fluorescence signal can be detected only when the target region inside the EGFP
is cleaved by the nuclease'® (Figure 2A). Of the 23 combinations, 18 showed
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Figure 1. Identification of single aa substitutions that improve Cas12i3 gene editing activity (A) Constructing a pool of Cas12i3 variants based on its structural similarity with
Cas12i2. The crBRNA and DNA-interacting sites of Cas12i3 were predicted by comparing its protein structure with that of Cas12i2. Then, these residues were individually substituted
with arginine, generating a pool with over 150 variants for identification of improved Cas12i3 variants. (B) Screening strategy for improved Cas12i3 variants. Plasmids carrying
Cas12i3 variants (Cas12i3V) fused with EGFP-tag and crRNA targeting the FUTS gene were transfected into CHO cells. Then, EGFP* cells were selected by FACS, and the editing
efficiency of Cas12i3 variants was determined by deep sequencing. (C) The editing efficiency of Cas12i3 variants. Black dotted line, the editing efficiency of wild-type Cas12i3; red
dotted line, 1.5-fold of the editing efficiency of Cas12i3. (D) The editing efficiency of 26 Cas12i3 variants with improved editing performance from the screen.

increased editing rates compared to wild-type Cas12i3. Among these, Cas12i3-  iting efficiency averaging 48% (Figure 3A). To further evaluate the efficiency of
S7R/D233R outperformed the rest (Figure 2B). Cas-SF01 in editing endogenous loci, we designed over 40 target sites in the
For the substrate-interacting region, we selected 5 mutations from the initial  exons of PCSK9, TTR, and CCR5 genes and compared its performance to that
screen (E326R, E328R, L332R, N369R, and S433R), which are located in the  of hfCas12Max as well as 2 widely used nucleases, AsCas12a Ultra and SpCas9.
second Helical-l and Helical-Il domains (Figures 2C, S2A, S2E, and S2F). We deter-  Our results show that Cas-SFQO1 exhibited an average indel rate of ~80%, sur-
mined the editing efficiency of 24 combinations using the EGXxFP reporter sys-  passing the indel rate of hfCas12Max (~70%), AsCas12a Ultra (~60%), and
tem and found that the N369R/S433R variant had the highest increase in editing ~ SpCas9 (~60%) at the tested sites (Figure 3B). These findings demonstrated
activity (Figure 2C). that Cas-SFO1 is a highly efficient Cas nuclease for genome editing in mamma-
We next combined the mutations from the two regions and found that the  lian cells.
combination of S7R/D233R/N369R/S433R outperformed other combinations To compare PAM recognition between Cas-SFO1 and wild-type Cas12i3, we
(Figure 2D). Interestingly, adding another mutation identified from the initial ~ first conducted an NGS-based PAM identification assay in Escherichia coli. We
screen, D267R, which is located in the PI domain next to the PAM duplex  found that both nucleases preferred TTN PAM (Figure S3), which is the canon-
(Figures S2B and S2D), further improved the editing performance. We named ical PAM sequence for the Cas12 family. Interestingly, Cas-SFO1 showed an
this variant (Cas12i3-S7R/D233R/D267R/N369R/S433R) Cas-SFO1, which ex-  increased recognition of the ATN PAM (Figure S3). To further validate this
hibits the highest gene editing efficiency among all of the Cas12i3 variants tested  finding, we determined the editing efficiency of both nucleases at 8 target sites

(Figure 2D). harboring NATN PAMs using the EGxxFP reporter system. The results showed
that Cas-SFO1 exhibited substantially higher editing rates than the wild-type
Cas-SF01 exhibits high editing efficiency and a broadened PAM range Cas12i3 at all sites (Figure 3C). Finally, to obtain a comprehensive understand-

To validate the performance of Cas-SF01 in editing endogenous genes, we de-  ing of the PAM preferences of Cas-SFO1, we modified the PAM of the same
signed 30 targets in the exon of the TTR gene. The results showed that Cas-SFO1 ~ spacer in the EGxxFP reporter system and determined the editing efficiencies.
exhibited ~3-fold increased activity in generating indel mutations compared to ~ We found that Cas-SFO1 effectively recognized targets with canonical NTTN
the wild-type Cas12i3 (Figure 2E). PAMs, with an average editing efficiency of 90% (Figure 3D). Moreover, Cas-

We next assessed the editing activity of Cas-SFO1 in comparison with other ~ SFO1 was also effective in recognizing targets with NATN or TTVN PAMs,
Cas nucleases. Two previously engineered Cas12i nucleases, Cas12i™ ® and  showing that a T at the —4 position largely improved the cleavage activity of
hfCas12Max,” were introduced into the EGxxFP reporter system, and theirediting ~ Cas-SFO1 toward NTVN PAMs (Figure 3D). These results demonstrated that
activities were determined at 9 target sites (T1-T9) in EGxxFP (Figure 3A). The  Cas-SFO1 has a broadened range of PAM recognition compared to the wild-
results showed that Cas-SFQO1 exhibited an average editing efficiency of 88%, type Cas12i3.
higher than the 64% editing efficiency of Cas12i™ and comparable to the 83% Deep sequencing of the target sites further revealed that Cas-SFO1 predomi-
editing efficiency of hfCas12Max, whereas the wild-type Cas12i3 displayedaned-  nantly generated deletions (Figures S4A—S4C). The mutations generated by
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Figure 2. Cas-SFO1 engineering via a 2-step combined strategy (A) Schematics of the EGxxFP reporter system for screening for high-efficiency Cas12i3 variants carrying com-
binations of mutations (Cas12i3VC). A short sequence is inserted inside the EGFP to disrupt its fluorescence. Targeted cleavage in the inserted sequence restores EGFP fluorescence
due to DNA repair through single-strand annealing (SSA) between 2 flanking repeats. The system also constitutively expresses an mCherry marker. Editing efficiency is assessed by
determining the ratio of EGFP™ cells over mCherry* cells. (B and C) The editing efficiencies of Cas12i3 with different mutation combinations for the PAM-interacting region (B) and
target DNA strand-interacting region (C), as determined by the EGxxFP reporter. The mutation combinations with the highest editing rate increase in the 2 regions are highlighted in red
boxes. (D) Further combination of mutations identified from the screens results in variants with higher editing efficiency. The variant with highest editing efficiency contains 5
mutations (S7R/D233R/D267R/N369R/S433R) and was called Cas-SFO1. (E) Comparison of indel activity of Cas12i3 and Cas-SF01 at the TTR locus in mammalian cells. Significant

difference was determined by Student's t test.

Cas-SF01 ranged from single nucleotides to fragments with more than 10 nucle-
otides (Figures S4D—S4F).

The D876R mutation improves the specificity of Cas-SF01

To comprehensively assess the editing specificity of our engineered Cas-SF01,
we evaluated its tolerance to mismatches between spacers and targets. We de-
signed 10 off-target spacers harboring 2 adjacent mismatched nucleotides for
each target site in the EGxxFP reporter system, and determined their editing ef-
ficiencies. For the T5, T6, and T7 sites, the mismatches at positions 1 to 18 sub-
stantially reduced the editing activity of Cas-SFO1, and comparable editing rates
were observed at spacers harboring mismatches at positions 19 and 20, indi-
cating that mismatches close to the PAM have a more substantial impact on
Cas-SF01 activity (Figures 4A and Sb). However, we observed some degree of
mismatch tolerance at the T8 site, suggesting potential opportunities for optimi-
zation to improve specificity (Figure 4B).

We further evaluated the specificity of Cas-SFO1 in mammalian cells by per-
forming targeted deep sequencing at the in silico predicted off-target sites. We
selected three targets at the PCSK9, CCR5, and TTR loci and determined the edit-
ing rates of Cas-SFO1 and SpCas9 at the target sites and 5 predicted off-target
sites. Targeted deep sequencing showed that the on-target editing efficiency of
Cas-SFO1 was higher than that of SpCas9, and Cas-SFO1 showed remarkably

low off-target effects at the potential off-target sites. Notably, a potential off-
target effect was found at PCSK9-target14 OT4 and CCR5-target] OT3 sites
for SpCas9 (Figures 4C and S6). In addition, we performed GUIDE-seq to assess
the genome-wide off-target effect of Cas-SFO1. As the results showed, only on-
target reads could be detected for Cas-SFO1 at PCSK9-target7 and CCR5-target4
(Figure 4D). For TTR-target11, ~1% of the reads were from an off-target that has
a mismatch of 3 nucleotides at the tail of crRNA (Figure 4D). Together, these re-
sults demonstrated that Cas-SFOT1 is highly specific in genome editing.
Considering that several single aa mutations in the RuvC-ll domain could
enhance editing specificity according to a previous study,” we engineered single
aa substitutions at every residue of the RuvC-Il domain, generating a variant pool
of Cas-SFO1 for screening for a high-fidelity version (Figure S7A). Of the 80 var-
iants tested, we selected 15 variants with negligible or no loss of on-target editing
activity at the T5 site in the EGxxFP reporter system for subsequent examination
of their off-target effects (Figure S7B). We evaluated the mismatch tolerance of
the selected variants using two designed spacers, M78 and M910, at the T8 site.
A single variant, D876R, in Cas-SF01 (referred to as Cas-SFO1™™), considerably
reduced the mismatch tolerance of Cas-SFO1 (Figures S7C and S7D). To better
evaluate the effect of D876R on Cas-SFO1, we compared the mismatch tolerance
of Cas-SFO1, Cas-SFO1H™ and hfCas12Max at the T8 site. Cas-SFO1™ showed
reduced tolerance to mismatches from sites 3 to 16, which is comparable to
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Figure 3. Cas-SFO01 displays high editing efficiency and a broadened PAM range (A) Cas-SFO1 exhibits higher cleavage activity than wild-type Cas12i3, Cas12i™", and hfCas12Max
in the EGxxFP-reporter system. T1-T9 loci, target sites in the inserted fragment of the EGxxFP cassette. **p < 0.007; **p < 0.01; ns, not significant (Student's t test). (B) Comparison
of indel activity of Cas-SFO1 with SpCas9, AsCas12a Ultra, and hfCas12Max at multiple target sites in the PCSK9, CCR5, and TTR loci. Significant difference was determined by
Student's t test. (C) Cas-SFO1 shows improved recognition of targets with an NATN PAM compared with wild-type Cas12i3. (D) Heatmap showing the PAM recognition profile of

Cas-SFO1.

hfCas12Max (Figure 4E). We compared the indel rates of Cas-SFO1 and Cas-
SFO1™™ at the on-target site TTR-target11 and the off-target site discovered
by the above GUIDE-seq analysis. The results show that although both Cas-
SFO1 and Cas-SFO1"™ displayed high on-target editing efficiencies, Cas-
SFO1™™ had a dramatically reduced editing efficiency at the offtarget site
(Figure 4F), supporting the idea that D876R is important for enhancing the editing
specificity of Cas-SFO1. Furthermore, we analyzed the effect of D876R on the ed-
iting activity of Cas-SFO1 at endogenous genes and found that Cas-SFO1H™
maintained nearly 85% of the on-target editing efficiency of Cas-SFO1 (Figure 4G),
suggesting that Cas-SFO1™" is valuable for future applications that require high
efficiency and specificity (Figure S7E).

Cas-SFO01 is efficient in gene editing in mice and plants

The robust genome editing performance of Cas-SFO1 in cultured mamma-
lian cells prompted us to evaluate its in vivo gene editing performance in ani-
mals. We used lipid nanoparticles (LNPs) to deliver in vitro transcribed (IVT)
Cas-SFOT mRNA and chemically synthesized crBNA to the livers of C57
mice through tail intravenous injection (Figure 5A). We designed a crRNA tar-
geting the third exon of the murine transthyretin gene Ttr and assessed the
gene editing efficiencies using the unmodified crRNA, along with 6 modified
variants containing modifications at the 5-handle and/or the 3'-terminus
(M1-M6) in mice (Figures S8A and S8B). Among these, the crRNA-M3, which
bears modifications at the 5'-handle (a phosphorothioate [PS}-modified C(+3))
and the 3'-terminus (PS-U(+3), U(+1)), demonstrated superior performance
compared to the other crRNAs, achieving an indel rate of ~33% in mouse liver

(Figure S8C). We next compared the in vivo editing efficiencies of Cas-SFO1 to
hfCas12Max and SpCas9 and found that Cas-SFO1 exhibited an average indel
rate of 34%, whereas the indel rates of hfCas12Max and SpCas9 were ~31.6%
and ~36.1%, respectively (Figure 5B). We measured the serum TTR protein
level in the livers of these edited mice using ELISA (Figure 5C). The serum
TTR protein level in mice edited with Cas-SFO1 was reduced to an average
of 27.8% compared to PBS-treated mice, whereas the levels were reduced to
~26.6% and ~31.3% in mice edited with SpCas9 and hfCas12Max, respectively
(Figure 5C). Taken together, these results show that Cas-SFO1 could mediate
robust in vivo gene editing in mice.

To further explore the potential applications of Cas-SFO1, we evaluated its edit-
ing performance in plants. We used Agrobacterium tumefaciens—mediated sta-
ble transformation in rice and A. rhizogenes—mediated hairy root transformation
in pepper (Capsicum annuum) and soybean to test the editing performance of
Cas-SFO1 (Figures 5D—5F and S9). Cas-SFO1 mediated significantly higher indel
mutation frequencies at most of the designed target sites compared to the wild-
type Cas12i3 (Figures 5D—5F). In rice, wild-type Cas12i3 mediated an editing rate
averaging 156.5% at 12 target sites, whereas the engineered Cas-SF0O1 exhibited a
5-fold increase, with editing efficiency reaching 77.2% (Figure 5D). We selected 3
target sites, 0sGS3, OSERF922, and OsDjA2, to analyze editing outcomes in EO
plants. Cas-SFO1 generated more homozygous, biallelic, and chimeric editing
events than Cas12i3 (Figure S9A). Pepper is a popular vegetable worldwide.
Cas-SF01 edited all four target genes in pepper, whereas no editing activity of
wild-type Cas12i3 could be detected in transgenic hairy roots at any of the targets
(Figure 5E). The editing events caused by Cas-SFO1 in pepper were primarily

4 The Innovation 5(2): 100564, March 4, 2024

www.cell.com/the-innovation


http://www.thennovation.org
http://www.thennovation.org

A PAM T5 locus

GTTAGGCCTCCCTTTATCTCTATT
GTTAAACCTCCCTTTATCTCTATT] &
GTTAGGGGTCCCTTTATCTCTATT{| M
GTTAGGCCAGCCTTTATCTCTATT
GTTAGGCCTCGGTTTATCTCTATT
GTTAGGCCTCCCAATATCTCTATT 8
GTTAGGCCTCCCTTACTCTCTATT 8
GTTAGGCCTCCCTTTAAGTCTATT
GTTAGGCCTCCCTTTATCAGTATT
GTTAGGCCTCCCTTTATCTCACTT H
GTTAGGCCTCCCTTTATCTCTAAA

0.00 0.50 1.00
Normalized Indel

M12
M34
M56
M78
M910
M1112
M1314
M1516
M1718
M1920

.o

T

I

ARTICLE

B PAM T8 locus

ATTACCCTGTTATCCCTAAGAGAT
ATTAGGCTGTTATCCCTAAGAGAT
ATTACCGAGTTATCCCTAAGAGAT 8
ATTACCCTAATATCCCTAAGAGAT
ATTACCCTGTACTCCCTAAGAGAT M
ATTACCCTGTTAAGCCTAAGAGAT H
ATTACCCTGTTATCGGTAAGAGAT 3

ATTACCCTGTTATCCCACAGAGAT
ATTACCCTGTTATCCCTACAAGAT H
ATTACCCTGTTATCCCTAAGCAAT
ATTACCCTGTTATCCCTAAGAGCA ]

0.00 0.50 1.00
Normalized Indel

M12
M34
M56
M78
M910
M1112
M1314
M1516
M1718
M1920

-

€ ON OT1 OT2 OT3 OT4 OT5 O __PAM PCSKS -target7
-ATTNCCCGGTGGTCACTCTGTATG GUIDE-seq reads
5 PCSK9 - target7 [70.10| 0.02 | 0.02 | 0.03 | 0.13 | 0.04
S ‘B - ON 17183 100%
w
. CCRS5 - target4 0.03|0.02 | 0.04
o 9 CCRS5 -target4
© TTR - target11 0.03|0.07|0.04 BT T NITEEICEST C G GIGC CC T G C Camaw GUIDE-seq reads
PCSK9 - target14 0.02 [ 2.22 | 0.02 s B cooo e e 0N 5,888 100%
(=)}
] TTR -target11
] CCRS - target1 2.93(0.01|0.04
g ‘ D O EERd B R E GUIDE-seq reads
TTR - target14 |65.28 0.02 | 0.04 | 0.05 | 0.04 | 0.02 P ON 39667 99.0%
% of Indels .. - M- - - - - - . . lcE ofF 385 1.0%
E F ns ™Cas-SFO1 G
- Cas-SFO1HF
100f M Cas-SFOT ' Cas-SFO1"F hfCas12Max 100 s 100 0.84x
g 2
ao 80 g 80 80
38 5 5
e 2 60 & 60 ¥ 60 1
Ga | a a
88 40 : 2 £ 40 £ 40
oz : I b ) I -
G 8 90 20 20
95 |
0 0 e 0
R > RIS S > o ON ON OFF OFF N
= ¥ = = ® § @“ﬁb @'\% § §’W TTR - target11 @é QQ\
@ ,bro'%
d

Figure 4. Analysis of the specificity of Cas-SF01 and Cas-SF01"F (A and B) The mismatch tolerance of Cas-SFO1 was examined by designing dinucleotide mutations at T5 (A) and
T8 (B) targets, and then the activation of EGFP was determined. (C) Off-target rates of Cas-SFO1 and SpCas9 at in silico predicted off-target sites, as determined by targeted deep
sequencing. (D) The genome-wide off-target effects of Cas-SFO1 as analyzed by GUIDE-seq. The numbers of on-target and off-target reads are shown at right. (E) The mismatch
tolerance of Cas-SF01, Cas-SFO1"'™ and hfCas12Max at the T8 locus. (F) The indel activities of Cas-SFO1 and Cas-SFO1 at the on-tarpget site TTR-target11 (ON) and off-target site

(OFF) shown in (D). **p < 0.001; ns, not significant (Student's t test). (G) Comparison of indel activity of Cas-SFO1 with Cas-SFO1H

represents 2 replicates.

biallelic or heterozygous (Figure S9B). In the important crop plant soybean, we
compared the editing activities of engineered Cas-SFO1 with Cas12i3 and
Cas9. Similar to the results in pepper, we could not detect the editing activity
of Cas12i3 in soybean hairy roots (Figure 5F). Our engineered Cas-SFO1 exhibited
an average editing rate of 52.5%, which is approximately twice that of the editing
rate of Cas9 (~26.8%) (Figures 5F and S9C). These results suggest that Cas-
SFO1 is a very effective genome-editing tool for plant research and breeding.

DISCUSSION

In this study, we demonstrated the effectiveness of the type V-1 Cas12i3
system for efficient genome editing in animals and plants. Through struc-
ture prediction, structure-guided rational design, and combinatorial protein
engineering, we successfully optimized the natural Cas12i3, previously
characterized with low editing activity, into a highly efficient gene-editing
tool with a broadened PAM range, which we named Cas-SF01. The focused
screening of targeted mutation pools and combinatorial engineering strat-
egy based on predicted protein structure would be applicable for optimizing
other natural Cas nucleases with low editing activity. Compared to the wild-

"at 10 target sites at CCR5 locus. Each dot

type Cas12i3, Cas-SFO1 contains five mutations—S7R, D233R, D267R,
N369R, and S433R— which were introduced to enhance interactions with
the guide RNA (gRNA) and the DNA substrate, including the PAM duplex.
The editing efficiency of Cas-SFO1 is comparable to or greater than that
of SpCas9, AsCas12a Ultra, and 2 other recently engineered Cas12i nucle-
ases (Cas12i™™ and hfCas12Max) at the tested sites.

In addition to the increased editing activity, Cas-SFO1 showed an expanded
PAM recognition compared to the wild-type Cas12i3. In particular, Cas-SFO1
showed increased recognition of the noncanonical 5'-ATN-3' PAM (Figures 3C
and 3D), thus enabling more versatile genome engineering. Moreover, Cas-
SFO1 showed low off-target effects in mammalian cells (Figures 4C and 4D).
By introducing the D876R mutation in the RuvC-Il domain, we engineered
a Cas-SFO1 variant with even higher fidelity, which we called Cas-SFO1™"
(Figures 4E and S6).

Several features of the Cas-SF01 system make it suitable for multiplexed in vivo
genome editing. First, Cas-SFO1 has a smaller protein size compared to the
widely used larger Cas nucleases such as Cas9 (Figure S1A), which may be ad-
vantageous for delivery in vivo. Second, Cas-SFO1 uses shorter crRNA guides

uolbAoOuU| 3Y |

@ CelPress Partner Journal

The Innovation 5(2): 100564, March 4, 2024 5




www.the-innovation.org

ARTICLE

A »S’UTR Cas -SF01 3'UTR POYA Chemically B C57 mice &\\ c
synthesis 50
36.1
lIVT / 1201 100.0
31.6 ®
L 34.0 O
M M A \L—L 40 ‘ _ 100}
A AN 2
= T g0t
Cas-SF01 " Target & .f. 2
mMRNA crRNA K] [ =
a = 601
£ = 27.8
5 a0 313 @ 966
S D ’ Boe %o
pr— 20
XA
= ,.r =e delivery
'oé yk ’/\ 0 © N & )
/// \\\ L ¥ F
#m\l\\o o & R
N &
&
D Rice 1001 ok E Pepper 100 ¢ * 80 ¢ — hikidd
ok k
€ % S & 60}
g 60F 8 60f ]
S ° ©
$ < g wof 7
= 2 97 g Ses®
2 3 3 0l
“ o0} ook ® w 20 r
o—f— \ olem— | olamm——
R \ ) N D N O
NS NS S
2 7 9 s D .
@ s < i d &
J d 4]

Figure 5. Cas-SF01 enables robust genome editing in animal and plants (A) Schematic of the in vivo gene editing using LNP delivery of IVT-Cas mRNA and chemically synthesized
target crRNA. (B) Indel frequencies of Cas-SFO1 and hfCas12Max, SpCas9 at Ttr locus in C57 mice. Cas-SF01 and hfCas12Max, n = 5; SpCas9, n = 3. (C) Serum TTR protein levels. Cas-
SFO1 and hfCas12Max, n = 5; PBS and SpCas9, n = 3. (D—F) Editing efficiencies of Cas-SFQ1 at various target sites in EQ plants of rice (D), hairy root lines of pepper (E), and soybean (F).
Each dot represents the editing efficiency of 1 target. ***p < 0.007; *p < 0.05; Student's t test.

that are less costly and simpler to design for multiple targets. In addition, like
other Cas12 proteins, Cas-SFO1 may be capable of processing long pre-crRNA
transcripts into mature crRNA guides, thus facilitating simultaneous expression
of multiple guides from a single RNA transcript.” In this study, we tested Cas-
SFO1 in mice via LNP delivery and observed robust in vivo gene editing compa-
rable to SpCas9 or hfCas12Max, even though there was clear room for mRNA
and gRNA optimization to further improve the in vivo editing efficiencies
(Figures 5B and 5C). Furthermore, we tested Cas-SFO1 in important crop plants,
including the monocot rice and dicot pepper and soybean, and revealed its poten-
tial application in plant research and molecular breeding in agriculture
(Figures 5D and 5E).

Overall, our work outlines an effective strategy for optimizing natural Cas nu-
cleases—in other words, targeted screening of pools of arginine mutations in
the PAM, substrate DNA, and gRNA interaction domains, and demonstrated
Cas-SFO1 and Cas-SFO1™F as efficient tools for genome editing applications
in diverse organisms.

MATERIALS AND METHODS
Homology analysis of CRISPR-Cas12i

The protein structure of Cas12i3 was predicted by AlphaFold2 with default settings.'' We
compared the top 5 ranked outputs and selected rank O for further analysis. The protein
structures of Cas12i2 (PDB: 6LTU)° and Cas12i3 were aligned with PyMol software version
2.4.0 using the default parameters. The sequence of Cas-SFO1 is listed in Table S1.

Plasmid vector construction

All PCRs were performed with FastPfu Fly DNA Polymerase (TransGen Biotech, AP231-
13). Human codon—optimized Cas12i3 genes were synthesized by Beijing Tsingke Biotech,
with sequences listed in Table S1, and cloned into the vectors by Gibson Assembly

(ClonExpress Ultra One Step Cloning Kit, Vazyme, C115-02). crRNA oligos were synthesized
by Beijing Tsingke Biotech, annealed, and ligated into the Bbsl (NEB) site in the same all-in-
one vector. The primers are listed in Table S2.

Cell culture, transfection, and flow cytometry analysis

HEK293T and CHO cells were cultured in high glucose DMEM supplemented with
10% (v/v) fetal bovine serum (Gibco, 10099141) and 1% penicillin/streptomycin (Gibco,
15140122) at 37°C with 5% CO,.

HEK293T cells were seeded into 12-well plates and transfected at ~80% conflu-
ency. For all of the transfections, 1.5 pg plasmid was mixed with 100 pL Opti-MEM
(Gibco, 51985091) and then combined with a solution comprising 100 uL Opti-
MEM and 2 pL Lipofectamine 2000 (Invitrogen, 11668-019). The resulting DNA/
Lipofectamine mixture was then added to the cells after incubating for 15 min at
room temperature. Twenty-four hours after transfection, 1,000 pL of DMEM was
exchanged in each transfected well. Cells were then incubated for 24 additional hours
before being harvested for flow cytometry.

Transfected cells of each well were digested with 300 pL 0.25% trypsin (Gibco, 25200-
056) after removing the medium. Then, 300 plL of medium was added to terminate the
digestion, and the cells were resuspended in 500 ulL of medium after 3 min of centrifugation
at 100 rpm. Cells were then pipetted into a 5-mL round-bottom polystyrene test tube with a
cell strainer snap cap (Corning, 352235) and kept on ice. Flow cytometry data were collected
using a CytoFLEX (Beckman Coulter Life Sciences) and analyzed using CyExpert version
2.5.0.77 software. For the assay of mutations in the target sites of endogenous genes, cells
were sorted using BD FACSAria SORP.

Scatter gates were applied to remove nonviable cells and doublets. For positive experi-
ments, gates were applied based on cells transfected with both mCherry and GFP signals.
mCherry fluorescence was detected using Y610 (561/610 nm). GFP fluorescence was de-
tected using B525 (488/525 nm). Approximately 50,000 cells (after scatter gating) were
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collected for each sample. The editing efficiency was calculated as the number of GFP* cells
divided by the number of mCherry* cells.

NGS

Deep sequencing was applied to detect the editing efficiency of Cas nucleases at endog-
enous genes. In all, ~50,000 sorted HEK293T cells were concentrated to 100 pL and used
as a template for targeted PCR using Phanta Max Super-Fidelity DNA Polymerase (Vazyme,
P505). The sequences of the primers used for amplification are listed in Table S2. Targeted
deep sequencing analysis (Beijing Tsingke Biotech) was used to determine indel
frequencies.

Analysis of PAM recognition profile of Cas-SF01

The PAM preference of wild-type Cas12i3 and Cas-SFO1 was analyzed using an E. coli
PAM screen assay, as previously described,'” and normalized and analyzed via We-
blogo.'® To verify the recognition of 5'-ATN-3' PAM of Cas-SFO1, we designed 9 specific
targets with ATN PAM in the EGxxFP reporter system and determined the editing activity
of Cas12i3 and Cas-SF01. We also modified the PAM of T8 locus in EGxxFP reporter sys-
tem with NTTN, NVTN, and NTVN types to obtain a comprehensive PAM recognition pro-
file of Cas-SFO1.

Mismatch tolerance of Cas-SF01

The T5, T6, T7, and T8 targets in the fluorescence reporter vector were selected to
construct mismatch crRNA vectors with 2 adjacent base pairs as the window to analyze
the mismatch tolerance of Cas-SFO1 and characterize its off-target rate. The mutation prin-
ciples were Ato C, Tto A, Cto G, and G to A.

GUIDE-seq

The off-target effect of Cas-SFO1 was analyzed by GUIDE-seq as previously described,
with some modifications.'* Briefly, 4.5 ug all-in-one plasmid for each target site, expressing
Cas-SFO1 and designed crRNA, and 1 nM of annealed GUIDE-seq oligonucleotides were
transfected into HEK293T cells (2 x 10°) by electroporation (Lonza, V4XC-2012). The elec-
troporation was performed by the 4D-Nucleofector Core Unit using program CM-130, and
each sample was repeated 3 times and then cultured in 1 plate. Cells were then collected
at ~90% confluency after transfection and stored at —80°C after liquid nitrogen flash
freezing. Identified sequences with less than 6 nucleotide mismatches of on-target
sequence were recognized as off-target sites. The sequencing data were collected and
analyzed by DIATRE.

Screening for Cas-SF01 variants with reduced mismatch tolerance

The aa 830—-914 in the RuvC-Il domain of Cas-SFO1 were mutated to arginine residues,
generating a variant pool containing 80 variants. The editing efficiency of variants was
analyzed in the EGFP fluorescence reporter system targeting T5 to first isolate variants
with activity loss of less than 5%, and then the off-target rate of the selected variants was
determined.

LNP delivery and in vivo editing in mice

The LNP system with a composition of SM-102, DMG-PEG2000, DSPC and choles-
terol (molar ratio 50:1.5:10:38.5) was prepared, carrying IVT mRNA of Cas nucleases
and chemically synthesized RNA oligonucleotides (Genscript) with a 1:1 weight ratio.
LNPs were formed according to the manufacturer's protocol (Micro & Nano, INanoE).
After formation, LNPs were diluted immediately with PBS, and ultrafiltration was car-
ried out with 10 kDa centrifugal filters (Millipore, catalog no. UFC901024). For in vivo
editing, LNPs encapsulating the RNAs were administrated to C57BL/6J female mice
via tail intravenous injection (3 mg/kg). Liver tissues were rinsed with physiological
saline and then collected from the left lateral lobe of each mouse 7 days postinjec-
tion for DNA extraction and targeted deep sequencing analysis. All of the animal pro-
tocols were approved by the Animal Care and Use Committee of Southern University
of Science and Technology (SUSTech-SL202211002). This study was carried out in
accordance with the recommendations of the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health.

ELISA

For analysis of serum TTR protein concentration, serum samples were obtained before
the collection of the mouse liver tissue, and the TTR protein was determined using the
Mouse Transthyretin ELISA kit (BYabscience catalog no. BY-EM221426) following the man-
ufacturer’s protocol.

ARTICLE
Plant transformation

The stable transformation of rice was performed as previously described.'® Specific
crRNAs targeting the genes of interest in rice were designed and inserted into an all-in-
one construct. Then, the constructs were transfected into A. tumefaciens strain EHA105
for transformation using calli from the elite rice variety Xiushui 134. Four weeks after trans-
planting the regenerated rice plants, the genomic DNA of the rice plants was extracted for
PCR amplification and sequencing. Transformation of pepper (C. annuum) using
A. rhizogenes was performed as described.'® Briefly, the cotyledons of 7-day-old peppers
were cut into 2- to 3-mm strips and incubated with A. rhizogenes strain C58C1 carrying
the indicated vector. The hair roots regenerated from the cotyledon were collected for gen-
otyping. Hairy root transformation of soybean using A. rhizogenes was carried out as previ-
ously described, with some modifications.'” Briefly, the hypocotyls of 2-week-old soybean
seedlings were cut diagonally with a sterile scalpel and applied with A. rhizogenes strain
K599 containing the expression construct. Then, the hypocotyl was planted under high hu-
midity conditions for 16 days to promote hairy root growth. The primers used to edit genes in
plants are listed in Table S2.

DATA AND CODE AVAILABILITY

NGS data of GUIDE-seq were deposited at the NCBI's GEO server under acces-
sion number GSE236755. All of the data generated or analyzed during this study
are included in this published article and supplementary information files.
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