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Evaluation of editing efficiency of different CRISPR-Cas12f systems
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Abstract: CRISPR/Cas12f proteins belonging to the Type V-F family are reported to be only 1/4 to 1/3 the size of Cas9 protein
molecules, providing a significant advantage in viral vector delivery. However, the CRISPR/Cas12f system for gene editing in
plants has been reported to have lower editing activity, limiting its broader application in plant research. In this study, we com-
pared the editing activities of OsCas12f, SpCas12f, and UnCasi2f'in three different systems: in vitro digestion, yeast, and transient
expression in maize protoplasts. The results showed that the editing activities of OsCas12f and SpCas12f proteins were compara-
ble in terms of in vitro digestion of Cas12f/sgRNA complexes, while no substrate digestion activity was detected for UnCas12f. In
the yeast mutant eGFP expression restoration assay, OsCas12f exhibited an editing efficiency of over 95% at the two tested loci,
which was comparable to Cas/2i.3. On the other hand, SpCasI2f achieved editing efficiencies of 1.63% and 3.20% at the two
sites, respectively, representing the next highest effect. However, UnCas12f showed minimal editing activity. Furthermore, by
transiently expressing maize protoplasts, we compared the editing efficiencies of OsCasi2f and SpCas12f at endogenous maize
loci. It was found that OsCas12f successfully mediated targeted editing at two loci with editing efficiencies of 2.72% and 1.97%,
respectively, while SpCasi2f only mediated targeted editing at one locus with an editing efficiency of 1.09%. Deletion of bases
was the predominant type of mutation introduced by Cas12f proteins at the target loci, with deletion lengths ranging from -9 to
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—17 base pairs. These comprehensive results indicate that OsCas12f can serve as a versatile tool for developing plant microgene

editors and related technologies.

Keywords: Cas12f; sgRNA/Cas12 ribonucleoprotein complex; protoplast; editing efficiency
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5000  min"' 40 s, , 300 pL 0.9% pGADT7-UnCasi2f~T2+pGBKT7-eGFP
NaCl , Trp (Tryptophan) Leu : LUYOR-
(Leucine) ,30C 96 h 3415RG
: pGADT7- eGFP eGFP
Cas12i.3-sgRNA+pGBKT7-eGFP; OsCasi2f : eGFP %) = (
pGADT7-OsCas12f+pGBKT7-eGFP, / ) x 100%
pGADT7-OsCas12f~-T1+pGBKT7-eGFP 1.3.6 ERRAEFRAE R T 2 AN
pGADT7-OsCasi12f~-T2+pGBKT7-eGFP; SpCasl2f PEG
pGADT7-SpCasl2f+pGBKT7- Cao [21] Casl2f 20 pg,
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eGFP, pGADT7-UnCas12f-T1+pGBKT7-eGFP Hi-TOM ,
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Table 1 Primer sequences used in this paper

Primer name

Primer sequence (5'-3")

Prokaryotic expression vector construction primers

OsCasl12f F
OsCas12f R
SpCas12f F
SpCasl12f R
UnCasl2f F
UnCasl2f R

CAAGGCCATGGCTGATATCGGATCCATGGACTATAAGGATCATGACG

TGGTGGTGCTCGAGTGCGGCCGCAAGCTTTTACTTCTTCTTTTTAGCTTGTCC
CGACAAGGCCATGGCTGATATCGGATCCATGGATTATAAAGATCATGACGGTG
GGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTCTATTTTTTCTTTTTTGCCTGC
CGACAAGGCCATGGCTGATATCGGATCCATGGATTATAAAGATCATGACGGTG
GGTGGTGGTGCTCGAGTGCGGCCGCAAGCTTCTATTTCTTCTTTTTAGCTTGC

Yeast expression vector construction primers

pGADT7 Cas12f F1
pGADT7 Cas12f R1
pGADT7 Cas12f F2
pGADT7 Cas12f R2
pGADT7 sgRNATI1 F
pGADT7 sgRNAT1 R
pGADT7 sgRNA T2 F
pGADT7 sgRNA T2 R
pGBKT7-eGFP F
pGBKT7-eGFP R

AAGAAGAGAAAGGTCGAATTGGGTACCAAGCGTCCCGCTGCAACGAAA
GGGTTCCGGATCGCGGCCGCCCGGTAGAGGTGTGGTCAATAAGAG
GAGGAGTTTACGTCCAGCCAAGCTAGCTCTTTGAAAAGATAATGTATGA
GGGTTCCGGATCGCGGCCGCCCGGTAGAGGTGTGGTCAATAAGAG
GAGAGAAAGGTCGAATTGGGTACCAAGCGTCCCGCTGCAACGAAA
ATTAAGGGTTCCGGATCGCGGCCGCAAAAAAAACTCCTTGAGCCCCGTGCCCA
AAGAGAAAGGTCGAATTGGGTACCAAGCGTCCCGCTGCAACGAAA
GGGTTCCGGATCGCGGCCGCAAAAAAAATGCACCGCGGCCGCAACCGTTCAAGT
ACTGTAGCCCTAGACTTGATAGCCATCATCATATCGAAGTTTC
TTAGCTTGGCTGCAAGCGCGCCTAGTACAGCTCGTCCATGCCG

Plant expression vectors construct primers

pUC19 Cas12f F1

pUC19 Cas12f R1

pUC19 Cas12f sgRNA F2
pUC19 Cas12f sgRNA R2

RNA

T7 sgRNA scaffold F

T1 sgRNA scaffold R

T2 sgRNA scaffold R

CAGCTATGACCATGATTACGCCAAGCTTATCGAGCAGCTGGCTTGTGGGGAC
TCACGACGTTGTAAAACGACGGCCAGTGAATTCCTTATCTTTAATCATATTCC
ATTGATTGACAACGGATCCCCGGGTACCATGGAGTCAAAGATTCAAATAGAG
GTCACGACGTTGTAAAACGACGGCCAGTGAATTCCTTATCTTTAATCATATTCC

Primers for transcription of RNA molecules in vitro
ATTCTAATACGACTCACTATAGGGAGGGCCGACTTCCCGGCCCAAAATCGAGACAGTAGCC
CTCCTTGAGCCCCGTGCCCACCTTCAAGCCGCTTTCGCGGCTCATGCACGG
TGCACCGCGGCCGCAACCGTTCAACCTTCAAGCCGCTTTCGCGGCTCATGCACGG
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CER)
Primer name Primer sequence (5'-3")
PCR/RNP Poole/Enpp in vitro digestion substrate amplification primers
TIF CTTGACTACTACCCTCCCACC
TIR TGGTTAACTCCCCGGACCAA
T2F CCATTCCGGTATCGCTTGCT
T2R GACCCATCTGACACCGATCA
Primers for amplification of maize protoplasts target sites
T1F1 GGAGTGAGTACGGTGTGCTTCAACTCGACTCCAGCA
TIR1 GAGTTGGATGCTGGATGGGTCGGTGCTCACCTTGAGGC
T2F1 GGAGTGAGTACGGTGTGCCCCGGACTCCAAGTACTGC
T2R1 GAGTTGGATGCTGGATGGGTACAGCGAGTGGTTCTGGA
The underlined sequences represent homology arms used for constructing the vector.
SpCas12f UnCasl2f ( 1-A)
2 FEREHW :
6xHis s
2.1 OsCasl12f SpCasl2f UnCasl2f OsCas12f SpCasl2f  UnCasl2f
62.93kD 70.41kD  75.12kD
pET-30a, OsCas12f 28°C 37C IPTG s
m 6XH15 SpCas!2f ‘ 6xHis ‘ 7 ter }—
w 6XHis ‘ UnCas12f ‘ 6His ‘ T7 ter }—
B OsCas12f SpCas12f UnCas12f c
M CK 28%€C 37C CK 28%C 37°C CK 28°C 37
Bl 1 A[E CRISPR-CasI2f EHMREZFTIERERQAK
Fig. 1 Prokaryotic expression and protein purification of different CRISPR-Cas12f proteins
A: CRISPR-Casl2f ; B: 3 CRISPR-Cas12f 28°C  37C ; C: 3 CRISPR-Casl2f

Ni-NTA 12% SDS-PAGE
A: schematic diagram of the prokaryotic expression vector for CRISPR-Cas12f; B: induced expression of three types of CRISPR-Cas12f proteins
at 28°C and 37°C; C: 12% SDS-PAGE gel electrophoresis image of three CRISPR-Cas12f proteins purified by Ni-NTA chromatography.
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SDS-PAGE , Casl2f Casl2f , 28C
R ( 1-B) OsCasl2f  SpCasl2 Tl 45%
R , 44%; 37°C  OsCasl2f  SpCasl2 T1
18°C, Ni-NTA 73%  87%, T2
, Casl2f ( 1-0), 20% 10%; 45°C OsCasl2f  SpCasl2 T1
PCR-RNP 81% 85%, T2
2.2 Casl2f/sgRNA 86% 46%; 55°C OsCasl2f  SpCasl2
OsCasl2f SpCasl2f UnCasl2f Tl 49%  96%, T2
sgRNA-T1 sgRNA-T2 RNP , 45%  T8% , OsCas12f
2 PCR , 45°C, SpCasl2f 55C 28°C OsCasl2f
, Casl2f SpCasl2f T2
28°C 37°C 45C 55T UnCasl2f ( 2
Tl T2 Tl T2 Tl T2 Tl T2
A M CK Os Sp Un CK Os Sp Un B M CKoOsSpun CKOsspun € M CKOsSpUn CKOsSpUn D M CK Os Sp Un CK Os Sp Un
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B2 3 # CRISPR-Casl2f EHENREIRE THIKMEBIINE

Fig. 2 Substrate cleavage efficiency of three CRISPR-Cas12f proteins at different temperatures

A:28°C Casl2f PCR/RNP ;B:37C Casl2f PCR/RNP ;C:45°C  Casl2f PCR/RNP ;D:55C
Cas12f  PCR/RNP

A: PCR/RNP digestion efficiency of Cas12f at 28°C; B: PCR/RNP digestion efficiency of Cas12f at 37°C; C: PCR/RNP digestion efficiency
of Cas12f at 45°C; D: PCR/RNP digestion efficiency of Cas12f at 55°C.

45°C, Casl2f sgRNA
Casl2f ,0.5h ( 4-A)

OsCasl2f  SpCasl2 Tl , Cas12f DNA ,
49% 47%, T2 79%  18%; eGFP ( 4-B)
1h OsCasl2f SpCasl2 T1 OsCasl2f SpCasi2f  UnCasl2f

70%  61%, T2 81% T1 T2 sgRNA
82%; 2 h  OsCasl2f SpCasl2 Tl SD/-Leu/-Trp , 28C 48 h

72%  78%, T2 eGFP , Casl2i.3
81% 34%; 3 h  OsCasl2f SpCasl2 T1 eGFP ,
64%  84%, T2 97.28% OsCasi2f  sgRNA-T1 sgRNA-T2
85% 49% , 1 h, OsCas12f eGFP 97.60%  95.67%;
T1 T2 , 3 h SpCasl2f SpCas12f sgRNA-T1 sgRNA-T2  eGFP
TL T2 UnCasl12f 1.63% 3.20%; UnCasi2f eGFP
( 3) 0.24%  0.16%,
2.3 CRISPR/Cas12 ( 4-C 5) , OsCasl2f
CRISPR-Casl2f Casi2i.3 , SpCasi2f
s Casl2f , UnCasi2f

Casl2f
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T1 T2 B T1 T2 Tl T2 D T1 T2
M CK Os Sp Un CK Os Sp Un M CK OsSpUn CK Os Sp Un M CK OsSpUn CK OsSpUn M CK OsSpUn CK Os Sp Un

bp bp

750 a bp
750 750 B [
500 500 500 7508 . . .

250

500 .... -® g8

250

250

49% 47% 79% 18% 70% 61% 81% 22% 72% 78% 81% 34% 64% 84% 85% 49%

3 3 % CRISPR-Cas12f & B E R R 8] T IR EG I3
Fig. 3 Substrate cleavage efficiency of three CRISPR-Cas12f proteins at different time points

A: Casl2f 05h PCR/RNP ; B: Casl2f 1h  PCR/RNP ; C: Casl2f 2h  PCR/RNP ; D: Casl2f
3h PCR/RNP

A: PCR/RNP digestion efficiency of Cas12f at 0.5 h; B: PCR/RNP digestion efficiency of Cas12f at 1 h; C: PCR/RNP digestion efficiency of
Casl2f at 2 h; D: PCR/RNP digestion efficiency of Cas12f at 3 h.

A

eGFFP Amp _ CRISPR-Cas]2 induced DSB
R “:

Os-Tl m w Cas12i 3-gRNA |T1|ADHt|_g

Os NLs| OsCasi2f | NLS [ADHi|-

Os-T1 N'LSl OsCasI2f |N'LS|ADHt OsCas12-gRNA [ T1 [ ADH: |-
0Os-T2 NLs| 0OsCas12f |NLS|ADHt 0sCas12-gRNA | T2 [ ADH: |- % 80
<
Sp spCasi2f | NLS[ADHt|- g 0
Q
Sp-T1 NLs| SpCaslaf |N'LS|ADHt OsCas12f-gRNA [ T1[aDHe| “;’
£ 40
Sp-T2 spCasi2f | NLS [ADH OsCaslzf-gRNA [r2[apme}- £
i=}
[}
Un NLS| UnCas12f [ NLS | ADHt - é 20
Un-Tl NLs| UnCas12f INLSlADHt UnCas12f-gRNA [T1]abmi|- = 018 049 163 3.32_-0 036 024 016
I

0 T T T T T T ; T T
Un-T2 NLs| UnCasl2f |NLS|ADH1 UnCas12f:gRNA |12 ADHI |- Casl2i3 Os Os-TI Os-T2 Sp Sp-T1 Sp-T2 Un Un-T1 Un-T2

4 37 CRISPR-Cas12f RS HIEE BRIEH R

Fig. 4 Editing efficiency of the three CRISPR-Cas12f systems in yeast

A: ; B: CRISPR-Cas12f ; C: CRISPR-Cas12f

eGFP

A: schematic diagram of yeast transformation vector; B: schematic diagram of the editing efficiency of CRISPR-Cas12f system assessed by
fluorescent protein recovery rate; C: statistics of yeast editing efficiency with different CRISPR-Cas12f.

A B

1 cm

( 5)
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5 OsCas12f RENFH eGFP RILRE

Fig.5 eGFP expression recovery mediated by OsCas12f system

A: Casl2i.3 eGFP s ; B: sgRNA OsCasl2f eGFP; C: sgRNA-T1 OsCasl2f
eGFP; D: sgRNA-T2 OsCasl2f eGFP

A: Casl2i.3-mediated restoration of eGFP expression, a positive control; B: no sgRNA fails to mediate restoration of eGFP in the OsCas12f

system; C: sgRNA-T1 mediates restoration of eGFP using OsCas12f system; D: sgRNA-T2 mediates restoration of eGFP using OsCas12f

system.

2.4 CRISPR/Casl2 48 h, DNA,
SpCasli2f Hi-TOM , OsCas12f
(4l OsCasl2f TI T2 ,
SpCasi2f , Tl 2.72%,
OsCas12f  SpCasl2f PAM 9bp 14 bp ,
T2 1.97%, PAM
T1 T2 OsCas12f  SpCasl2f 11 bp SpCasi2f Tl
) Ubiquitinl , T2 17 bp
OsCasi12f SpCasl2f CaMV335s , 1.09% ( 2)
enhancer-CmYLCV-ZmUG6 , OsCasl2f
RNA 37C SpCasl12f

F 2 OsCasl2f K SpCas12f BRET RIZN S M E K NIRAL & dwiE
Table 2 Editing activity of maize endogenous loci mediated by transient expression of OsCas12f and SpCas12f

. Mutation Mutation Percentage
System Target mutation (5'-3")
type number (%)

OsCas12f-T1 ATCGTTCTGGGCACGGGGCTCAAGGAGTGCATCCT WT 6734 91.91

ATCGTTCTGGGCACGGGGe----------- ATCCT —11 bp 199 2.72

ATCGTTCTGGGCACGGGGCt---------- ATCCT —10 bp 176 2.40

ATCGTTCTGGGCACGGGg-------------- CCT —14 bp 136 1.86

ATCGTITCTGGGCACGGGGCt--------- CATCCT -9 bp 82 1.12
OsCas12{-T2 GCCACATGCACCGCGGCCGCAACCGTTCAAGAAAGCCTGTGGAA WT 7655 98.03

GCGCA

GCCACATGCa----------- ACCGTTCAAGAAAGCCTGTGGAAGCGCA —-11 bp 154 1.97
SpCas12f-T2 GCCACATGCACCGCGGCCGCAACCGTTCAAGAAAGCCTGTGGAA WT 7506 98.91

GCGCA

GCCACATGCACCGCGGCCGCA---GTGGAA-a------------- CGCA —17 bp 83 1.09

s Casl2f PAM ,

The underlined base is the target site sequence, the double-underlined base is the PAM sequence of Cas12f protein, and “-” is the missing base.
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3 itie
Casl2f , V-F CRISPR-
Casl2f ,
OsCasli2f SpCasi2f  UnCasl2f
, OsCasi2f SpCasli2f
PCR-RNP , OsCasl2f
SpCasi2f , OsCasi2f
45°C, SpCasi2f
55°C; , OsCasl2f
1 h, SpCasli2f 3 h; ,
OsCasl2f SpCasi2f ,
OsCasl12f
SpCasi2f UnCasl2f,
Casl2i.3
UnCasli2f
, Karvelis (22] Casl2f
UnlCasi2fl Un2Casi2f2  AuCasi2f2
, SpCasi2f1
SpCasi2f R
SpCasl2f
[21,23-24] Casl12f
, OsCasli2f
, PAM
; SpCasli2f 1
1 3 Casl2f
, OsCasl2f  SpCasl2f
UnCasli2f ,
, OsCasl2f (23]
4 e
3 OsCasi2f SpCasl2f
UnCas12f , OsCasl2f  SpCasi2f
, OsCasl2f,
SpCasi2f

, OsCasl2f

Casl2i.3 ,
, OsCasl2f
SpCasl2f , OsCasl12f
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