Supplementary information, Materials and Methods
Generation of dsDNA targets

Short dsDNA targets were prepared through annealing of two complementary oligonucleotides (see Table
S2). Paired oligonucleotides (0.8 pM) were annealed in 1xXPCR buffer (Transgen Biotech) in a total volume
of 50 puL, and then subjected to the annealing program: initial denaturation at 95 °C for 5 min and then cool

down from 95 °C to 20 °C with 1 °C decrease per min using a thermocycler.

Transcription of crRNAs

First, the transcription templates were prepared through annealing of the synthesized oligonucleotides with
T7-ctRNA-F (Table S3), following the same procedures as previously described'-2. crRNAs were
synthesised using the T7 High Yield Transcription Kit (ThermoFisher Scientific) and the reaction was
performed at 37 °C overnight (about 16 h). RNA was purified using the RNA Clean & Concentrator™-5

(Zymo Research) and quantified with NanoDrop 2000C (ThermoFisher Scientific).

Purification of Cas12a proteins

Ten Casl2a coding sequences were codon-optimised and synthesized by Tolo Biotech (Shanghai, China)
and then cloned into pET28a (Novagen) with N-terminal 6xHis tagging. Oligonucleotides for the
construction of site-directed Cas12a mutants are listed in Table S4. For example, to obtain FnCas12a mutants,
plasmid pET28a-FnCas12a was amplified by a pair of primers, the products of which were digested with
Dpnl (1 h, 37 °C) before being transformed into DH10B competent cells. The whole Casi2a gene was
verified by DNA sequencing before being used for protein expression and purification. Other mutants were

obtained following the same procedure.

Casl2a expression plasmids were transformed into E. coli BL21 (DE3) (Table S5). For protein expression,
a single clone was first cultured overnight in 5-mL liquid LB tubes and then 1% (v/v) inoculated into 3 L of
fresh liquid LB. Cells were grown with shaking at 220 rpm and 37 °C until the ODsoo reached 0.8, and IPTG
was then added to a final concentration of 0.2 mM followed by further culture of the cells at 16 °C for about

16 h before the cell harvesting.



Cells were resuspended in 50 mL of lysis buffer [S0 mM Tris-HCI (pH 8.0), 1.5 M NaCl, 1 mM DTT and
5% glycerol] with 1 mM PMSF as the protease inhibitor and lysed by high pressure. The obtained lysate was
then centrifuged twice at 15,000 rpm for 30 min. After centrifuging, the supernatant was mixed with 5 mL
of Ni-NTA beads (GE Healthcare) and softly shaken for 1 h at 4 °C before being loaded onto a 30-mL column.
The packing was then washed with wash buffer (lysis buffer supplemented with 30 mM imidazole) and
eluted with elution buffer (lysis buffer supplemented with 600 mM imidazole). The elution was dialysed
with dialysis buffer 1 [S0 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM DTT and 5% glycerol]. Before the
protein solution was loaded onto an anion exchange column (HiTrapTM Q HP, GE Healthcare), it was
diluted until the final NaCl concentration reached below 80 mM. After that, the column was washed and
then eluted with a gradient concentration of NaCl (AKTA Pure, GE Healthcare). Fractions containing Cas12a
proteins were verified by SDS-PAGE and then pooled for dialysis with dialysis buffer 2 [20 mM Tris-HCI
(pH 8.0), 600 mM NaCl, 2 mM DTT, 0.2 mM EDTA] overnight. Finally, the protein was collected and
diluted to a final concentration of 6 uM and mixed with an equal volume of 100% cold glycerol prior to

being frozen at —80 °C.

In vitro cleavage assay

Unless mentioned otherwise, FnCas12a was used for the cleavage assays in this study. For the cleavage of
target plasmid, the in vitro cleavage system contained 500 ng of target DNA, 250 nM Cas12a and 500 nM
synthesised crRNA in a 20-pL reaction system. The reaction was performed at 37 °C in NEB buffer 3 for 1
h. For cleavage of M13mp18 by Cas12a, the reaction was performed at 37 °C in NEB buffer 3 for 30 min,
employing 100 nM Cas12a, 250 nM synthesised crRNA, 1 ug M13mp18 DNA , 40 nM frans ssDNA and 10
U RNase inhibitor (Takara) in a 20-pL volume. For cleavage of M13mp18 by exonuclease T (NEB), the

reaction was incubated at 25 °C for 30 min in NEB buffer 4.

Cleavage of FAM-labelled single-stranded oligonucleotides or double-stranded oligonucleotides was
performed at 37 °C in NEB buffer 3 for 1 h, employing 250 nM Cas12a, 500 nM synthesised crRNA, 40 nM
target DNA or/and 40 nM #rans ssDNA and 10 U RNase inhibitor (Takara) in a 20-puL volume. Reactions
were stopped by heating at 98 °C for 10 min, followed by immediately chilling on ice before further analysis

through urea PAGE. For the time-course experiments in Supplementary information Figure S2a, the final



concentration of crRNA and Cas12a was reduced to 100 nM.

For LC-MS detection, cleavage of samples was performed in NEB buffer 3 at 37 °C for 2 h, containing 1
uM FnCasl2a, 1 uM synthesised crRNA-T1, 1 pM target DNA (target-T1-18), 25 uM trans ssDNA (10T-

FAM-5'" or 10T-FAM-3") and 10 U RNase inhibitor.

Analysis of Cas12a-digested products by denaturing urea PAGE or LC-MS

To analyze the products by urea PAGE, FAM-labelled DNA was first digested by Cas12a and then heated at
98 °C for 10 min after the addition of loading buffer to stop the reactions. Heated samples were immediately
chilled on ice, followed by being loaded on 10%—15% denaturing polyacrylamide gels containing 7 M urea.
Electrophoresis was performed by running at 1800 V (about 40 V/cm) for about 70-90 min (using the Sequi-
Gen GT Sequencing Cell system, Bio-Rad) or at 200 V (about 40 V/cm) for about 25 min (using the Mini-
PROTEAN Tetra Cell system, Bio-Rad) in 1x TBE buffer. Gels were scanned using a FLA-9000

phosphoimager (FujiFilm Corporation, Japan).

For LC-MS analysis, FnCas12a-digested samples were first de-salted using a Novatia Oligo HTCS trap
column (C18 300A, 1x10 mm), and were then analyzed with a Thermo LCQ ion trap with an ESI source
(negative ion mode), where the electrospray gas was heated to about 300 °C. The liquid phase conditions are
HFIPA-based aqueous reagents, and the system was operated with a flow of 40% ACN mixed with 40%

MeOH and 20% water.



Supplementary information, Table S1 Sequences of Cas12a proteins used in this study

Name GI number Species

FnCasl2a 489130501 Francisella tularensis

AsCasl12a 545612232 Acidaminococcus sp. BV3L6
LbCasl2a 917059416 Lachnospiraceae bacterium ND2006
Lb5Casl2a 652820612 Lachnospiraceae bacterium NC2008
HkCasl12a 491540987 Helcococcus kunzii ATCC 51366
OsCasl2a 909652572 Oribacterium sp. NK2B42

TsCasl2a 972924080 Thiomicrospira sp. XS5

BbCasl2a 987324269 Bacteroidales bacterium KA00251
BoCasl2a 496509559 Bacteroidetes oral taxon 274 str. FO058
Lb4Casl2a 769130406 Lachnospiraceae bacterium MC2017

Supplementary information, Table S2 Oligonucleotides used for preparation of cleavage templates in

this study

Oligo names

Sequences (5'-3")

target-DNMT1-3-F
target-DNMT1-3-R
target-DNMT1-3-R-
FAM-3'
target-DNMT1-3-R-
FAM-5'
target-DNMT1-3-F-
FAM-3'
target-DNMT1-3-F-
FAM-5'

target-T1-F
target-T1-R
target-T1-F-FAM
target-T1-R-FAM

target-T1-FAM-3'-F
target-T1-FAM-5'-R

target-DNMT1-3-R-
TTT-FAM-3'
target-DNMT1-3-R-
CCC-FAM-3'
target-DNMT1-3-F-AAA
target-DNMT1-3-F-GGG
target-T1-1-R
target-T1-6-R
target-T1-12-R
target-T1-18-R
target-T1-24-R
target-T1-24-only-R
target-T1-18-only-R
target-T1-12-only-R
target-T1-6-only-R
N25-5'FAM
N25-3'FAM
Target-T2

Target-T3

Target-T4
target-DNMT1-3-R-
FAM-5'-JOE-3’
10T-FAM-5'
10T-FAM-3'

aatgtttcctgatggtecatgtetgttactcgectgtcaagtggegtgac
gtcacgccacttgacaggegagtaacagacatggaccatcaggaaacatt
gtcacgccacttgacaggegagtaacagacatggaccatcaggaaacatt-FAM

FAM-gtcacgccacttgacaggcgagtaacagacatggaccatcaggaaacatt
aatgtttcctgatggtccatgtctgttactcgectgtcaagtggegtgac-FAM
FAM-aatgtttcctgatggtccatgtctgttactcgectgtcaagtggegtgac

tttetgtttgttatcgcaactttctactgaattcaagctttactctagaaagaggagaaaggatce
ggatcctttctectetttctagagtaaagettgaattcagtagaaagttgcgataacaaacagaaa
FAM-tttctgtttgttatcgcaactttctactgaattcaagetttactctagaaagaggagaaaggatec
ggatcctttctectetttctagagtaaagcettgaattcagtagaaagttgcgataacaaacagaaa-
FAM
tttctgtttgttatcgcaactttctactgaattcaagetttactctagaaagaggagaaaggatcc-FAM
FAM-
ggatcctttctectctttctagagtaaagettgaattcagtagaaagttgcgataacaaacagaaa
gtcacgccacttgacaggcgagtaacagacatggaccatcaggT T Teatt-FAM

gtcacgccacttgacaggcgagtaacagacatggaccatcaggCCCcatt-FAM

aatgA A Acctgatggtccatgtctgttactcgectgtcaagtggegtgac
aatgGGGectgatggtecatgtctgttactegectgtcaagtggegtgac
aCaaacagaaa

cgataacaaacagaaa

aagttgcgataacaaacagaaa
agtagaaagttgcgataacaaacagaaa
gaattcagtagaaagttgcgataacaaacagaaa
gaattcagtagaaagttgcgataa

agtagaaagttgcgataa

aagttgcgataa

cgataa
FAM-NNNNNNNNNNNNNNNNNNNNNNNNN

NNNNNNNNNNNNNNNNNNNNNNNNN-FAM
ctagagtaaagcttgaattcagtagaaa

ggatccactagtctctagetcgagaaa

ttcaaggagaaactgcagctagcttaaa
FAM-gtcacgccacttgacaggcgagtaacagacatggaccatcaggaaacatt-JOE

FAM-TTTTTTTTTT
TTTTTTTTTT-FAM




Supplementary information, Table S3 Oligonucleotides used for preparation of transcription templates in

this study

Oligo names Sequences (5'-3")

T7-crRNA-F GAAATTAATACGACTCACTATAGGG

T7-T1-24-R gaattcagtagaaagttgcgataa ATCTACAACAGTAGAAATTCCCTATAGT
GAGTCGTATTAATTTC

T7-T1-8-R tgcgataa ATCTACAACAGTAGAAATTCCCTATAGTGAGTCGTATT
AATTTC

T7-T1-10-R gttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGAGTCGT
ATTAATTTC

T7-T1-12-R aagttgcgataa ATCTACAACAGTAGAAATTCCCTATAGTGAGTCGT
ATTAATTTC

T7-T1-14-R gaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGAGT
CGTATTAATTTC

T7-T1-15-R agaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGAGT
CGTATTAATTTC

T7-T1-16-R tagaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGAG
TCGTATTAATTTC

T7-T1-17-R gtagaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGAG
TCGTATTAATTTC

T7-T1-18-R agtagaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTGA
GTCGTATTAATTTC

T7-T1-20-R tcagtagaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGTG
AGTCGTATTAATTTC

T7-T1-22-R attcagtagaaagttgcgataaATCTACAACAGTAGAAATTCCCTATAGT
GAGTCGTATTAATTTC

T7-T1-30-R aagcttgaattcagtagaaagttgcgataaATCTACAACAGTAGAAATTCCCT
ATAGTGAGTCGTATTAATTTC

T7-ctrRNA-DNMT-23nt-R ~ GAGTAACAGACATGGACCATCAGATCTACAACAGTAGAAATT
CCCTATAGTGAGTCGTATTAATTTC
T7-ctRNA-DNMT-(-8)-R  gacatggaccatcaggaaacatt ATCTACAACAGTAGAAATTCCCTATAGT

GAGTCGTATTAATTTC

T7-ctRNA-DNMT-(+4)-R  aggcgagtaacagacatggaccaATCTACAACAGTAGAAATTCCCTATAG
TGAGTCGTATTAATTTC

T7-ctRNA-DNMT-(+8)-R  tgacaggcgagtaacagacatgge ATCTACAACAGTAGAAATTCCCTATAG
TGAGTCGTATTAATTTC

T7-ctRNA-DNMT-16nt-R  agacatggaccatcagATCTACAACAGTAGAAATTCCCTATAGTGAGT
CGTATTAATTTC

T7-ctrRNA-DNMT-18nt-R  acagacatggaccatcagATCTACAACAGTAGAAATTCCCTATAGTGA
GTCGTATTAATTTC

T7-ctrRNA-DNMT-20nt-R  taacagacatggaccatcagATCTACAACAGTAGAAATTCCCTATAGTG
AGTCGTATTAATTTC

T7-T2-R ctagagtaaagcttgaattcagtaATCTACAACAGTAGAAATTCCCTATAG
TGAGTCGTATTAATTTC

T7-T3-R ggatccactagtctctagctcgaATCTACAACAGTAGAAATTCCCTATAGT
GAGTCGTATTAATTTC

T7-T4-R ttcaaggagaaactgcagctagct ATCTACAACAGTAGAAATTCCCTATAG
TGAGTCGTATTAATTTC

Supplementary information, Table S4 Oligonucleotides used for plasmids construction in this study

Oligo names Sequences (5'-3")
FnCas12a-K869A-F gcttgtetgegatcagatcgtactcgaacacg
FnCas12a-K869A-R atctgatcgcagacaagcggttcaccgaggataag
FnCas12a-K852A-F tgtccttatttgegttggegatggecteettgge
FnCas12a-K852A-R atcgccaacgcaaataaggacaatcctaagaagg
FnCas12a-H843A-F ttggctggtgctgtgatettettagggatggac

FnCas12a-H843A-R agaagatcacagcaccagccaaggaggccatcg



FnCas12a-R1218A-F
FnCasl2a-R1218A-R
FnCas12a-E1006A-F
FnCas12a-E1006A-R
FnCas12a-D917A-F
FnCas12a-D917A-R
FnCas12a-D1255A-F
FnCasl12a-D1255A-R

ggtcttgetgttggecatctgecaggattgtatte
tcctgcagatggecaacagcaagaccggeacagage
agttcagatctgcgaacaccacgatggceattg
tcgtggtgttcgcagatctgaacttcggetttaagag
tctegeeccgtgegatgetcaggatgtgeacateg
tcctgageatcgeacggggegagagacacctgg
gegeegttggetgeggeatcetgaggcatattettgg
ctcaggatgccgcagccaacggegectatcacatcggectg

Supplementary information, Table S5 Plasmids and strains used in this study

Plasmids or Strains Relevant properties or genotypes Sources
Plasmids
pET28a-TEV pET28a with the thrombin cleavage site 3

changed to the TEV protease cleavage site
pET28a-TEV-FnCasl2a pET28a-TEV carrying FnCas12a !
pET28a-TEV-AsCasl2a pET28a-TEV carrying AsCas12a 2
pET28a-TEV-LbCas12a pET28a-TEV carrying LbCas12a 2
pET28a-TEV-Lb5Cas12a pET28a-TEV carrying Lb5Cas12a This study
pET28a-TEV-HkCasl12a pET28a-TEV carrying HkCas12a This study
pET28a-TEV-OsCas12a pET28a-TEV carrying OsCas12a This study
pET28a-TEV-TsCasl2a pET28a-TEV carrying TsCas12a This study
pET28a-TEV-BbCasl12a pET28a-TEV carrying BbCas12a This study
pET28a-TEV-BoCasl2a pET28a-TEV carrying BoCas12a This study
pET28a-TEV-Lb4Casl2a pET28a-TEV carrying Lb4Cas12a This study
pET28a-TEV-FnCas12a-K869A pET28a-TEV carrying FnCas12a-K869A This study
pET28a-TEV-FnCas12a-K852A pET28a-TEV carrying FnCas12a-K852A This study
pET28a-TEV-FnCas12a-H843A pET28a-TEV carrying FnCas12a-H843A This study
pET28a-TEV-FnCas12a-R1218A  pET28a-TEV carrying FnCas12a-R1218A This study
pET28a-TEV-FnCas12a-E1006A  pET28a-TEV carrying FnCas12a-E1006A This study
pET28a-TEV-FnCas12a-D917A pET28a-TEV carrying FnCas12a-D917A This study
pET28a-TEV-FnCas12a-D1255A  pET28a-TEV carrying FnCas12a-D1255A This study
M13mp18 single-stranded DNA NEB
pCB1A2 2 2
Strains
E. coli DH10B F~endAl deoR" recAl galE15 galK16 nup Invitrogen

G rpsL A(lac)X74 ¢80lacZAM15 araD139

A(ara,leu)7697 mcrA A(mrr-hsdRMS-

mecrBC) StrR A~
E. coli BL21(DE3) F— ompT gal dcm lon hsdSB(rB- mB-) Invitrogen

MDES3 [lacl lacUV5-T7 gene 1 indl sam7
nin3d])




Supplementary information, nucleotide sequences used in this study

>FnCas12a (codon-optimised DNA sequence)
atgagcatctatcaggagttcgtgaataagtacagcctgtccaagaccctgeggtttgagetgatcccccagggeaagacactggagaacatcaaggecagggg
cctgatcctggacgatgagaagecgegecaaggactataagaaggecaageagatcatcgataagtaccaccagttctttatcgaggagatectgageagegtgtg
catctctgaggatetgetgcagaattacagegacgtgtatttcaagetgaagaagtctgacgatgacaacctgecagaaggacttcaagagegecaaggacaccate
aagaagcagatcagcgagtatatcaaggactccgagaagtttaagaatetgttcaaccagaatctgatcgatgeccaagaagggecaggagtcegacctgateetgt
ggctgaagceagtctaaggacaatggeatcgagetgticaaggecaactctgatatcacegatatcgacgaggecctggagatcatcaagagctttaagggctgga
ccacatactttaagggcttccacgagaacaggaagaacgtgtacagcagcaacgacatcectacaageatcatctaccgeategtggatgacaatctgecaaagtt
cctggagaacaaggccaagtatgagtecctgaaggacaaggeececccgaggecatcaattacgageagatcaagaaggatetggecgaggagetgaccttegat
atcgactataagacatccgaggtgaaccagegggtgttttctctggacgaggtgtttgagatcgecaatttcaacaattacctgaaccagtccggeatcaccaagttce
aatacaatcatcggcggcaagtttgtgaacggcgagaataccaagagaaagggcatcaacgagtacatcaatctgtatagccagecagatcaacgacaagaccct
gaagaagtacaagatgagcgtgctgttcaagcagatcetgtccgatacagagtctaagagetttgtgatcgataagetggaggatgactctgacgtggtgaccaca
atgcagagcttttatgagcagatcgecgecttcaagaccgtggaggagaagtctatcaaggagacactgagectgcetgttcgatgacctgaaggeccagaagetg
gacctgtctaagatctacttcaagaacgataagtcectgaccgacctgtetcagecaggtgtttgatgactatagegtgatcggeacegeegtgetggagtacatcaca
cagcagatcgccccaaagaacctggataatecctctaagaaggageaggagetgatcgeccaagaagaccgagaaggecaagtatctgagectggagacaatea
agctggcectggaggagttcaataagcaccgggatatcgacaageagtgcagatttgaggagatcctggecaacttcgecgecatccccatgatctttgatgagat
cgcccagaacaaggacaatctggeccagatetccatcaagtaccagaaccagggcaagaaggacctgetgcaggectetgecgaggatgacgtgaaggecat
caaggatctgctggaccagaccaacaatctgctgecacaagetgaagatcettccacatctcccagtctgaggataaggccaatatcctggataaggacgageactttt
atctggtgttcgaggagtgttacttcgagetggccaacatcgtgeccctgtacaacaagatcagaaattatatcacacagaagecttactccgacgagaagtttaage
tgaacttcgagaacagcaccctggcecaacggetgggataagaataaggagectgacaacacagcecatcetgttcatcaaggatgacaagtactatctgggegtga
tgaataagaagaacaataagatcttcgatgacaaggccatcaaggagaacaagggcgagggctacaagaagatcgtgtataagetgetgeceggegecaataa
gatgctgectaaggtgttcttttccgccaagtetatcaagttctacaacccatccgaggacatcctgeggatcagaaatcactccacccacacaaagaacggetetee
ccagaagggctatgagaagtttgagttcaatatcgaggattgccggaagtttatcgacttctacaagcagagceatctccaageaccetgagtggaaggattttggett
caggtttagcgacacccageggtacaactccatcgacgagttctacagagaggtggagaatcagggctataagetgacatttgagaacatctetgagagetacate
gacagcgtggtgaatcagggcaagetgtaccetgticcagatctataacaaggacttcagegectattccaagggecggccaaacctgeacaccctgtactggaag
geectgttcgatgagagaaatctgcaggacgtggtgtataagetgaacggegaggecgagcetgttttacaggaageagtccatecctaagaagatcacacaccea
gccaaggaggccatcgecaacaagaataaggacaatcctaagaaggagagegtgticgagtacgatctgatcaaggacaageggttcaccgaggataagttettt
ttccactgtccaatcacaatcaacttcaagtcectetggegecaacaagtttaatgacgagatcaatctgctgetgaaggagaaggecaacgatgtgeacatcetgag
catcgaccggggcgagagacacctggectactataccctggtggatggcaagggcaatatcatcaagcaggataccttcaacatcatcggeaatgacaggatga
agacaaactaccacgataagctggecgccatcgagaaggatagggactccgeccgcaaggactggaagaagatcaacaatatcaaggagatgaaggagggact
atctgtctcaggtggtgcacgagatcgccaagetggtcatcgagtacaatgecatcgtggtgttcgaggatctgaactteggetttaagaggggccgctttaaggtg
gagaagcaggtgtatcagaagctggagaagatgetgatcgagaagcetgaattacctggtgtitaaggataacgagttcgacaagaccggaggegtectgagggc
ataccagctgaccgecccctttgagacattcaagaagatgggcaagcagacaggcatcatctactatgtgccagecggettcacctccaagatctgecccgtgaca
ggctttgtgaaccagetgtacectaagtatgagtecgtgtctaagagecaggagtttttcagcaagttcgataagatctgttataatctggacaagggctacttcgagtt
ttecttcgattataagaactttggegacaaggecgecaagggcaagtggaccategectetttcggeagecggetgatcaactttagaaattcecgataagaaccaca
attgggacacccgggaggtgtacccaacaaaggagetggagaagetgetgaaggactacageatcgagtatggecacggegagtgeatcaaggecgecatet
gtggcgagagegataagaagtttttcgccaagetgacctecgtgetgaatacaatectgeagatgeggaacageaagaceggeacagagetggactacctgatet
ceceeegtggecgatgtgaacggcaacttcttcgacagcagacaggeccccaagaatatgectcaggatgecgacgecaacggegectatcacatcggeetgaa
gggcctgatgetgetgggcaggatcaagaacaatcaggagggcaagaagetgaacctggtcatcaagaacgaggagtactttgagttcgtgcagaaccgeaac
aattga

>AsCasl2a (codon-optimised DNA sequence)



atgacacagttcgagggctttaccaacctgtatcaggtgagcaagacactgaggtttgagctgatcccacagggcaagaccctgaageacatccaggageaggg
cttcatcgaggaggacaaggccagaaatgatcactacaaggagctgaageccatcatcgataggatctacaagacctatgecgaccagtgectgeagetggtge
agctggattgggagaacctgagegecgcecatcgactectatcgcaaggagaagacagaggagacccggaacgecctgatcgaggageaggecacatatagaa
atgccatccacgactacttcatcggcaggacagacaacctgaccgatgecatcaataagecgecacgecgagatctacaagggcectgttcaaggecgagetgttta
atggcaaggtgctgaagcagetgggcaccgtgaccacaaccgageacgagaacgecctgetgegeagettcgataagtttacaacctacttctccggettttatga
gaaccggaagaacgtgttcagcgecgaggatatcagcacagecatcccacacagaatcgtgcaggacaacttecccaagtttaaggagaattgtcacatcttcac
aagactgatcaccgccgtgeccagectgagggageactttgagaacgtgaagaaggccatcggcatettcgtgageaccteecatcgaggaggtgttttecttcect
ttttataaccagctgctgacacagacccagatcgacctgtacaatcagetgetgggaggaatetctagggaggcaggaaccgagaagatcaagggectgaacga
ggtgctgaatetggecatccagaagaatgatgagacageccacatcatcgecteectgecacacegetteateceectgtttaagecagatectgtecgatcggaaca
ccctgtetttcatcctggaggagtttaagagegacgaggaagtgatccagtecttctgecaagtacaagacactgetgegcaacgagaatgtgetggagaccgecga
ggccctgtttaacgagetgaacageatcgacctgacacacatcttcatcagecacaagaagetggagaccatcageagegecectgtgegaccactgggatacact
geggaatgecctgtacgageggagaatetccgagetgacaggeaagatcaccaagtctgecaaggagaaggtgcagagaagectgaageacgaggatatcaa
cctgecaggagatcatetetgecgeaggeaaggagetgagegaggecttcaagcagaagaccagegagatectgteccacgeacacgecgeectggatcagee
actgcctacaaccctgaagaagcaggaggagaaggagatcctgaagtetcagetggacagectgetgggectgtaccacctgetggactggtitgecgtggatg
agtccaacgaggtggaccccgagttctctgecaggetgacecggeatcaagetggagatggagecttetctgagettctacaacaaggeccgceaattatgecacca
agaagccctactccgtggagaagttcaagctgaactttcagatgectacactggectetggetgggacgtgaataaggagaagaacaatggegecateetgtttgt
gaagaacggcctgtactatctgggcatcatgccaaagcagaagggcaggtataaggecctgagettcgageccacagagaagacctccgagggctttgataaga
tgtactatgactacttccctgatgeccgecaagatgatcccaaagtgcageacccagetgaaggecegtgacageccactttcagacccacacaacccecatectget
gtccaacaatttcatcgagcectctggagatcacaaaggagatctacgacctgaacaatcctgagaaggagecaaagaagtttcagacagectatgccaagaagac
cggcgatcagaagggatacagggaggccctgtgcaagtggatcgactticacacgggattttctgtccaagtataccaagacaacctctatcgatctgtctagectga
ggccatcctctcagtataaggacctgggegagtactatgececgagetgaateecctgetgtaccacatcagettccagegeatcgecgagaaggagatcatggatg
ccgtggagaccggeaagetgtacetgttccagatctataacaaggactttgecaagggecaccacggeaagectaatctgeacacactgtattggaceggectgtt
ttctccagagaacctggecaagacaagcatcaagetgaatggecaggecgagetgtictacagacctaagtccaggatgaagegeatggeccacaggetgggc
gagaagatgctgaacaagaagctgaaggatcagaagacaccaatccecgacaccetgtaccaggagetgtacgactatgtgaatcacegectgtcecacgacct
gtctgatgaggeececgggecctgetgecaaacgtgatcaccaaggaggtgtetcacgagatcatcaaggataggegctttaccagegacaagttctttttccacgtg
cctatcacactgaactatcaggecgecaattceccatctaagttcaaccagegggtgaatgectacctgaaggageaccecgagacecctatcatcggeatcgate
ggggcgagagaaacctgatctatatcacagtgatcgactccaccggeaagatectggageagagatcetctgaataccatccageagtttgattaccagaagaaget
ggacaaccgggagaaggagagagtggcagcaaggcaggectggtetgtggtggacacaatcaaggatctgaageagggctatctgagecaggtcatccacga
gatcgtggacctgatgatccactaccaggecgtggtggtgctggagaacctgaattticggctitaagagcaagaggaccggaatcgcagagaaggecegtgtace
agcagttcgagaagatgctgatcgataagcetgaattgectggtgctgaaggactatccagcagagaaagtgggaggcegtgctgaacccataccagetgacagac
cagttcacctcctttgccaagatgggcacccagtctggettectgttttacgtgectgccccatatacatctaagatcgatececcctgacecggcettegtggaceecttegt
gtggaagaccatcaagaatcacgagagcagaaagcacttcctggagggcticgacttictgecactacgatgtgaagacaggegacttcatcctgeactttaagatg
aaccgcaatctgtccttccagaggggactgeccaggcetttatgectgcatgggatatcgtgttcgagaagaacgagacacagtttgacgccaagggceaccccttteat
cgecggeaagegeatcgtgecagtgatcgagaatcaccggtttaccggecggtacagagacctgtatcetgecaacgagetgatcgecctgetggaggagaag
ggcatcgtgttcagagatggcetccaacatectgecaaagetgetggagaatgacgattctcacgecatcgacacaatggtggecctgatcagaagegtgctgeag
atgaggaactccaatgccgecacaggegaggactatatcaacageceegtgagagatetgaatggegtgtgcticgactecaggtttcagaacccagagtggect
atggacgccgatgecaatggegectaccacatcgecctgaagggecagetgetgetgaatcacctgaaggagageaaggatetgaagetgcagaacggeatet
ccaatcaggactggetggectacatccaggagetgaggaactag

>LbCasl2a (codon-optimised DNA sequence)
atgctgaagaacgtgggcatcgacagactggatgtggagaagggcagaaagaacatgagcaagetggagaagttcaccaactgetacagectgagcaagace
ctgagattcaaggccatccccgtgggaaaaacccaggagaacatcgacaacaagagactgctggtggaggacgaaaagagagecgaggactacaagggcegt



gaagaagctgctggacagatactacctgagcettcatcaacgacgtgetgeacagcatcaagetgaagaacctgaacaactacatcagectgticagaaagaagac
cagaaccgagaaggagaacaaggagctggagaacctggagatcaacctgagaaaggagatcgecaaggecticaagggaaacgagggctacaagagectgt
tcaagaaggacatcatcgagaccatcctgeecgagttcetggatgacaaggacgagatcgecctggtgaacagcettcaacggcettcaccaccgctttcaccggett
cttcgacaacagagagaacatgttcagcgaggaggccaagtctacaageatcgecttcagatgeatcaacgagaacctgaccagatacatcagecaacatggacat
cttcgagaaggtggacgccatcttcgacaagecacgaggtgcaggagatcaaggagaagatectgaacagegactacgacgtggaggacttcticgagggcgag
ttcttcaacttcgtgetgacccaggaaggcatcgacgtgtacaacgecatcatcggeggatttgtgacagagageggegagaaaatcaagggectgaacgagtac
atcaacctgtacaaccagaagaccaagcagaagctgeccaagttcaagecectgtacaageaggtgctgagegacagagagagectgagcettctatggegagg
gcetacaccagegatgaagaggtgctggaggtgttcagaaacacectgaacaagaacagegagatcttcagcageatcaagaagetggagaagetgttcaagaa
cttcgacgagtacagcagegecggeatctttgtgaaaaacggecccgetatcagecacaatcagecaaggacatcttcggegagtggaacgtgatcagagacaagt
ggaacgcecgagtacgacgacatccacctgaagaagaaggecgtggtgaccgagaaatacgaggacgacagaagaaagagettcaagaagatcggeagette
agcctggaacagetgcaagagtacgetgacgetgacctgagegttgtggagaagetgaaggagatcatcatccagaaggtggacgagatctacaaggtgtacg
gcagcagcgagaaacttttcgacgecgacttcgtgcttgagaagagectgaagaagaacgatgecgtggtggccatcatgaaggacctgetggacagegtgaag
agcttcgagaactacatcaaggccttcttcggcgaaggcaaggagaccaacagagacgagagcettctacggegacttegtgetggettacgacatectgetgaag
gtggaccacatctacgacgcecatcagaaactacgtgacccagaagecctacagcaaggacaagttcaagcetgtacttccagaacceccagtttatgggeggatgg
gacaaggataaggagaccgactacagagccaccatcctgagatacggcagcaagtactacctggecatcatggacaagaagtacgecaagtgectgecagaaga
tcgacaaggacgacgtgaacggcaactacgagaagatcaactacaagctgetgecccggecctaataaaatgetgecccaaggtgticttcagcaagaagtggatg
gcctactacaaccccagegaggacatccagaagatctacaagaacggeaccttcaagaagggcegacatgttcaacctgaacgactgcecacaagetgatcgactt
cttcaaggacagcatcagcagataccccaagtggagcaacgcctacgacttcaacttcagecgagaccgagaagtacaaggacatcgecggcttctacagagaag
tggaggagcagggatacaaggtgagettcgagagegecagecaagaaggaggtggacaagetggtggaagagggcaagetgtacatgttccagatctacaaca
aggacttcagcgacaagtctcacggaacccccaatctgecacaccatgtacttcaagetgetgttcgacgagaacaaccacggecagatcagactttctggaggcg
ctgaactgttcatgagaagagccagectgaagaaggaagagcetggtggtacatcctgecaatagecccatcgetaacaagaaccecgacaaccccaagaaaac
caccaccctgagetacgacgtgtacaaggacaagagattcagcgaggaccagtacgagcetgeatatceccatcgecatcaacaagtgecccaagaacatcttca
agatcaacaccgaggtgagagtgctgetgaagcacgacgacaacccctacgtgatcggeattgacagaggegagagaaacctgetgtacatcgtggtggtgga
cggcaagggaaacatcgtggagceagtacagectgaacgagatcatcaacaacttcaacggeatcagaatcaagaccgactaccacagectgetggacaagaag
gagaaggagagattcgaggccagacagaactggaccageatcgagaacatcaaggagetgaaggecggctacattagecaggtggtgcacaagatetgegag
ctggtggagaagtacgatgccgtgatcgetctggaggatctgaacageggcticaagaacagecagagtgaaggtggagaageaggtgtaccagaagticgaga
agatgctgatcgacaagcetgaactacatggtggacaagaagagcaaccectgtgetacaggeggagcetctgaagggataccagatcaccaacaagticgagag
cttcaagagcatgagcacccagaacggcttcatcttctacatcccecgectggetgacatctaagatcgacectageaccggcetttgtgaacctgetgaagaccaagt
acaccagcatcgccgacagcaagaagttcatcagcagcttcgacagaatcatgtacgtgcccgaggaggacctgtttgaatttgecctggactacaagaacttcag
cagaaccgacgccgactacatcaagaagtggaagetgtacagetacggcaacagaatcagaatcttcagaaaccccaagaagaacaacgtgttcgactgggag
gaggtgtgtctgacaagegectacaaggagetgttcaacaagtacggeatcaactaccagecagggcgacattagagecctgetgtgcgaacagagegacaagg
ccttctacagcagcttcatggecctgatgagectgatgetgcagatgagaaacageatcaccggeagaaccgacgtggacttecttatcageccegtgaaaaaca
gegacggcatcttctacgacagcagaaactacgaggeccaggagaatgetatcctgeccaagaatgecgatgcetaacggegettacaacatcgecagaaaggtg
ctttgggccatcggecagtttaagaaggecgaggacgagaagetggacaaggtgaagatcgecatcagecaacaaggagtggctggagtatgetcagaccageg

tgaaacactga

>Lb5Casl2a (codon-optimised DNA sequence)
atggagaactactacgacagcctgaccagacaataccccgtgaccaagaccatcagacaggagetgaageeccgtgggaaaaacectggagaacatcaagaac
gecgagatcatcgaggecgacaagcagaagaaggaggectacgtgaaggtgaaggagetgatggacgagticcacaagageatcatcgagaagagectggt
gggcattaaactggacggcctgagegaatttgagaagetgtacaagatcaagaccaagaccgacgaggacaagaacagaatcagegagcetgttctactacatga
gaaagcagatcgecgacgecctgaagaacageagagactacggetacgtggacaacaaggacctgatcgagaagatectgeccgagagagtgaaggacgag

aacagcctgaacgccctgagetgcettcaaaggcettcaccacctacttcaccgactactacaagaacaggaagaacatctacagegacgaggagaageatageac



cgtgggctacagatgcatcaacgagaacctgetgatcttcatgagcaacatcgaggtgtaccagatctacaagaaggccaacatcaagaacgacaactacgacg
aggagaccctggacaagaccttcatgatcgagagcttcaacgagtgectgacccaaageggegtggaggcttacaatagegtggtggccageattaagacagee
accaacctgtacatccagaagaacaacaaggaggagaacttcgtgagagtgcccaagatgaaggtgctgticaagcagatcctgagegacagaaccagccttttc
gacggcctgatcatcgaaagegacgacgagetgetggataagetgtgeagettcagegetgaggtggacaagttcetgeccatcaacatcgacagatacatcaag
accctgatggacagcaataacggcaccggceatctacgtgaagaacgacageagectgaccaccctgageaactacetgaccgacagetggageageatcaga
aacgccttcaacgagaactacgacgcecaagtacaccggeaaggtgaacgacaagtacgaggagaagagagagaaggcctacaagageaacgacagettcga
gcetgaactacatccagaacctgetgggeatcaacgtgatcgacaagtacatcgagagaatcaacttcgacatcaaggagatctgegaggectacaaggagatgac
caagaactgcttcgaggaccacgacaagaccaagaagcetgcagaagaacatcaaggecgtggecageatcaagagetacctggacagectgaagaacatcga
gagagacatcaagcetgctgaacggeacaggactggagageagaaacgagttcttctacggegageagageacagtictggaggagatcaccaaggtggacga
gcetgtacaacatcaccagaaactacctgaccaagaageccttcagcaccgagaagatgaagetgaacttcaacaacccccagetgetgggaggatgggacgtga
acaaggagagagactgctacggegtgatcctgatcaaggacaacaactactacctgggeatcatggacaagagegecaacaagagcettcctgaacatcaagga
gagcaagaacgagaacgcctacaagaaggtgaactgcaagcetgetgeccggacccaataagatgttccccaaggtgttettcgeccaagageaacategactact
acgaccccacccacgagatcaagaagetgtacgacaagggeaccttcaagaagggcaacagcettcaacctggaggactgecacaagetgatcgacttctacaa
ggagagcatcaagaagaacgacgactggaagaacttcaacttcaacttcagcgacaccaaggactacgaggacatcageggcettettcagagaagtggaggec
cagaactacaagatcacctacaccaacgtgagetgegacttcatcgagagectggtggatgagggcaagetgtacetgttccagatctacaacaaggacttcage
gagtacgctaccggcaacctgaatctgcacaccctgtacctgaagatgetgttcgacgagagaaacctgaaggacctgtgeatcaagatgaacggegaggecga
ggtgttttatagacccgecageattctggatgaggacaaggtggtgecacaaggecaaccagaagatcaccaacaagaacaccaacagcaagaagaaggagag
catcttcagctacgacatcgtgaaggacaagagatacaccgtggacaagttcttcatccacctgeccatcaccetgaactacaaggageagaacgtgagcagatte
aacgactacatcagagagatcctgaagaagagcaagaacatcagagtgatcggcatcgacagaggcgagagaaacctgctgtacgtggtggtgtecgatageg
atggcagcatcctgtaccagagaagcatcaacgagatcgtgageggcagecacaaaaccgactaccacaagetgetggacaacaaggagaaggagagactga
gcagcagaagagactggaagaccatcgagaacatcaaggacctgaaggccggctacatgagecaagtggtgaacgagatctacaacctgatcctgaagtacaa
cgccatcgtggtgctggaggacctgaacatcggceticaagaacggcagaaagaaggtggagaageaggtgtaccagaacttcgagaaggeectgatcgacaa
gctgaactacctgtgeatcgacaagaccagagageagetgtetccetictageectggaggagtgctgaacgectatcagetgaccgetaagticgagagettcgag
aagatcggcaagcagaccggctgceatcttctatgtgeccgectacctgacatctcagattgaccccacaaccggcettcgtgaacctgttctaccagaaggacacca
gcaaacagggcctgeagctgttcttcagaaagttcaagaagatcaacttcgacaaggtggeccageaacttcgagttegtgticgactacaacgacttcaccaacaa
ggccgagggeaccaaaaccaactggaccatcagecacccagggaaccagaatcgecaagtacagaagegatgacgecaacggeaagtggatcagecagaace
gttcaccccaccgacattatcaaggaggccctgaacagagagaagatcaactacaacgacggecacgacctgatcgatgagategtgageatcgagaagageg
ccgtgctgaaggagatctactacggcettcaagetgaccctgeagetgagaaatagecacectggecaatgaagaggageaggaggactacatcatcageecegtg
aagaacagcagcggcaactacttcgacagcagaatcaccagcaaggagcetgecctgtgatgctgatgctaacggegectacaacatcgccagaaagggactgt

gggecectggaacagatcagaaacagcgagaacgtgagecaaggtgaagetggecatcagecaacaaggagtggticgagtacacccagaacaacatceccagec

tgtga

>HkCas12a (codon-optimised DNA sequence)
atgttcgagaagctgagcaacatcgtgagcatcagcaagaccatcagattcaagetgateccegtgggcaaaaccctggagaacatcgagaagetgggeaaget
ggagaaggacttcgagagaagcegacttctacceccatcctgaagaacatcagegacgactactacagacagtacatcaaggagaagetgagegacctgaacctg
gactggcagaagctgtacgatgececacgagetgetggatagcagcaagaaggagagecagaagaacctggagatgatccaggeccagtacagaaaggtgctg
ttcaacatcctgageggegagetggataaaageggcgagaagaacageaaggacctgatcaagaacaacaaggecctgtacggeaagetgticaagaageagt
tcatcctggaggtgctgcecgacticgtgaacaacaacgacagetacagegaggaggacctggaaggactgaaccetgtacagcaagttcaccaccagactgaag
aacttctgggagaccagaaagaacgtgttcaccgacaaggacatcgtgaccgcecatteecttcagagecgtgaacgagaacttcggcttctactacgacaacatca
agatcttcaacaagaacatcgagtacctggagaacaagatccccaacctggagaacgaactgaaggaggccgatatcctggacgacaacagaagegtgaagga
ctacttcacccccaacggcttcaactacgtgatcacccaggacggcatcgatgtgtaccaggecatcagaggeggattcaccaaggagaacggegaaaaggtgc

agggcatcaacgagatcctgaacctgacccageageagetgagaagaaageccgagaccaagaacgttaagetgggegtgetgaccaagetgagaaageag



atcctggagtacagcegagagcaccagcttectgatcgaccagatcgaggacgacaacgacctggtggacagaatcaacaagttcaacgtgagcettcttcgagag
cacagaggttagccccagectgtttgagecagatcgagagactgtacaacgecctgaagageatcaagaaggaggaggtgtacatcgacgecagaaacaccecag
aagttcagccagatgetgticggacagtgggacgtgatcagaagaggctacaccgtgaagattaccgagggcagcaaggaggagaagaagaagtacaaggag
tacctggagctggacgagacaagcaaggecaagagatacctgaacatcagagagatcgaggagetggtgaaccttgtggagggocttcgaagaggtggacgtgt
tcagcgtgetgetggagaagttcaagatgaacaacatcgagagaagegagticgaggeecectatctacggaagecctatcaagetggaggecatcaaggagtac
ctggagaagcacctggaggagtaccacaagtggaagetgetgetgatcggeaacgacgatetggatacecgacgagaccttctaccccctgetgaacgaggtgat
cagcgactactacatcatccecectgtacaacctgaccagaaactacctgaccagaaageacagegacaaggacaagatcaaggtgaacttcgacttceccacact
ggctgacggatggagegaaageaagatcagegacaacagaageatcatcetgagaaagggeggetactactacctgggeatectgatcgacaacaagetgcetg
atcaacaagaagaacaagagcaagaagatctacgagatcctgatctacaaccagatcceccgagttcagcaagageatceccaactacceecttcaccaagaaggt
gaaggagcacttcaagaacaacgtgagcgacttccagetgatcgacggatatgtgagecccctgatcatcaccaaggagatctacgacatcaagaaggagaaga
agtacaagaaggacttctacaaggacaacaacaccaacaagaactacctgtacaccatctacaagtggatcgagttctgcaageagttectgtacaagtacaaggg
ccccaacaaggagagcetacaaggagatgtacgacttcagecaccetgaaggacaccagectgtacgtgaacctgaacgacttctacgecgacgtgaacagetgtg
cctacagagtgctgttcaacaagatcgacgagaacaccatcgacaacgecgtggaggatggaaagetgetgctgticcagatctacaacaaggacttcageeceeg
agagcaagggcaagaagaacctgcacaccctgtactggetgageatgttcagegaggagaacctgagaaccagaaagetgaagetgaacggecaggecgag
atcttctacagaaagaagctggagaagaagceccatcatccacaaggagggeageatectgetgaacaagatcgacaaggagggcaacaccatccccgagaac
atctaccacgagtgctacagatacctgaacaagaagatcggcagagaggacctgagegacgaagetatcgeectgtticaacaaggacgtgctgaagtacaagga
ggccagattcgacatcatcaaggacagaagatacagegagagecagttcttcttccacgtgeccatcaccttcaactgggacatcaagaccaacaagaacgtgaa
ccagatcgtgcagggcatgatcaaggacggegagatcaagceacatcatcggeatcgacagaggcgaaagacacctgetgtactacagegtgatcgacctggag
ggcaacatcgttgaacagggcagectgaacacactggagcagaacagattcgacaacageaccgtgaaggtggactaccagaacaagetgagaaccagagag
gaggacagagacagagccagaaagaactggaccaacatcaacaagatcaaggagctgaaggacggctatctgagecacgtggtgecacaagetgageagact
gatcatcaagtacgaggccatcgtgatcatggagaacctgaaccagggcttcaagagaggcagaticaaggtggagagacaggtgtaccagaagtticgagetgg
ccctgatgaacaaactgagegecctgagettcaaggagaagtacgacgagagaaagaacctggageccageggaatcctgaatcecatccaggectgttateee
gtggacgcttaccaagaactgcagggacagaacggceatcgtgttctatctgeccgecgettacacaagegtgattgacecccgtgaccggctttaccaacctgttca
gactgaagagcatcaacagcagcaagtacgaggagttcatcaagaagttcaagaacatctacttcgacaacgaggaggaggacttcaagttcatcttcaactacaa
ggacttcgccaaggecaacctggtgatcctgaacaacatcaagagecaaggactggaagatcagecaccagaggegagagaatcagetacaacagcaagaagaa
ggagtacttctacgtgcageccaccgagttcctgatcaacaagetgaaggagetgaacatcgactacgagaacatcgacatcatcceectgatcgacaacctgga
ggagaaggccaagagaaagatcctgaaggecctgttcgacaccttcaagtacagegtgcagetgagaaactacgactticgagaacgactacatcatcageececa
ccgecgatgataacggceaactactacaacagcaacgagatcgacatcgacaagaccaacctgeccaacaacggagatgetaacggegcecttcaacatcgetag

aaagggcctgctgctgaaggacagaatcgtgaacagecaacgagagcaaggtegacctgaagatcaagaacgaggactggatcaacttcatcatcagetga

>0sCas12a (codon-optimised DNA sequence)
atggagaccgagatcctgaagtacgacttcttcgagagagagggcaagtacatgtactacgacggectgaccaaacaatacgecctgagcaagaccatcagaaa
cgagctggtgeccatcggaaaaaccetggacaacatcaagaagaacagaatcctggaggecgacatcaagagaaagagegactacgageacgtgaagaaget
gatggacatgtaccacaagaagatcatcaacgaggcecectggacaacttcaagetgagegtgctggaagatgecgecgacatctacticaacaagcagaacgacg
agagagacatcgacgccttcctgaagatccaggacaagetgagaaaggagatcgtggageagetgaagggacacaccgactacageaaggtgggcaacaag
gactttctgggectgetgaaagetgetagecaccgaggaagacagaatectgatcgagagettcgacaacttctacacctacttcaccagetacaacaaggtgagaa
gcaacctgtacagcgecgaggataagagecageaccgtggectacagactgatcaacgagaacctgeccaagttcttcgacaacatcaaggectacagaaccgtg
agaaacgccggagtgatcagcggagacatgageatcgtggageaggacgagcetgtttgaggtggacaccticaaccacaccetgaccecagtatggeatcgaca
cctacaaccacatgatcggecagetgaacagegecatcaacctgtacaaccagaagatgeatggegeecggeagcetttaaaaagetgeccaagatgaaggagetg
tacaagcagctgetgaccgagagagaggaggagttcatcgaggagtacaccgacgacgaggtgctgattaccagegtgeacaactacgtgagcetacctgateg
actacctgaacagcgacaaggtggagagcttcttcgacaccctgagaaagagegacggcaaggaggtgttcatcaagaacgacgtgagcaagaccaccatgag

caacatcctgttcgacaactggagcaccatcgacgacctgatcaaccacgagtacgacagegetcccgagaacgtgaagaagaccaaggacgacaagtactte



gagaagagacagaaggacctgaagaagaacaagagctacagectgagcaagatcgecgetctgtgecagagataccaccatectggagaagtacatcagaaga
ctggtggacgacatcgagaagatctacaccagcaacaacgtgticagegacategtgetgagcaageacgacagaagcaagaagcetgageaagaacaccaatg
ccgtgeaggecatcaagaacatgetggacageatcaaggacttcgageacgacgtgatgetgattaacggecageggecaggagatcaagaagaacctgaacgt
gtacagcgaacaagaagecctggecggaatacttagacaggtggaccacatctacaacctgaccagaaactacctgaccaagaageccttcageaccgagaag
atcaagctgaacttcaacagacccaccttcctggatggetgggacaagaataaggaggaggccaacctgggaatectgetgatcaaggacaacagatactacctg
ggcatcatgaacaccagcagceaacaaggcecttcgtgaacceecctaaggecatcagcaacgacatctacaagaaggtggactacaagttactgeececggecccaa
taagatgctgcccaaggtgttettcgecaccaagaacatcgettactacgeeecccagegaagaactgetgageaagtacagaaagggeacccacaagaaggga
gacagcttcagcatcgacgactgcagaaacctgatcgacttcttcaagagcageatcaacaagaacaccgactggageaccttcggettcaacttcagegacace
aacagctacaacgacatcagcgacttctacagagaggtggagaagcagggctacaagetgagettcaccgacatcgacgectgetacatcaaggacctggtaga
caacaacgagctgtacctgttccagatctacaacaaggacttcagecccctacagcaagggcaagcetgaacctgeacaccctgtacttcaagatgetgticgaccag
agaaacctggacaacgtggtgtacaagctgaacggagaggecgaggtgtictatagacccgecageatcgaatctgacgageagatcatccacaagageggec
agaacatcaagaacaagaaccagaagagaagcaactgcaagaagaccagcaccttcgactacgacatcgtgaaggacagaagatactgcaaggacaagttcat
getgeacctgeccatcacagtgaacttcggeacaaacgagageggcaagticaacgagetggtgaacaacgecatcagagecgacaaggacgtgaacgtgate
ggcatcgacagaggcgagagaaacctgetgtacgtggtggtagtggatcectgtggcaagatcatcgageagatcagectgaacaccatcgtggacaaggagt
acgacatcgagaccgactaccaccagcetgetggacgaaaaggagggcageagagacaaggecagaaaggactggaacaccatcgagaacatcaaggagcet
gaaggagggctatctgagccaggtggtgaacatcatcgecaagetggtgetgaagtacgacgecatcatctgectggaggacctgaacttcggetticaagagag
gcagacagaaggtggagaagcaggtgtaccagaagttcgagaagatgctgatcgacaagatgaactacctggtgctggacaagagcagaaageaggagagec
ctcaaaaacctggaggagccctgaatgccectgcaactgacaagegectticaagagceticaaggagetgggaaagecagaccggceatcatctattacgtgeecgect
acctgaccagcaagatcgatcctaccaccggcettcgecaacctgttctacatcaagtacgagagegtggacaaggecagagacttcttcagcaagttcgacttcate
agatacaaccagatggacaactacttcgagttcggcttcgactacaagagcttcaccgagagagcecageggetgtaagagcaagtggatcgectgtaccaacgg
cgagagaatcgtgaagtacagaaacagcgacaagaacaacagcttcgacgacaagaccgtgatcctgaccgacgagtacagaagectgttcgacaagtacctg
cagaactacatcgacgaggacgacctgaaggaccagatcctgecagattgacagegecgacttctacaagaacctgatcaagetgttccagetgaccetgeagatg
agaaacagcagcagcgacggcaagagagactacatcatcagcccegtgaagaactacagagaggagttcttctgecagegagttcagegatgacacctteccca
gagacgctgatgctaacggegectacaacatcgetagaaagggectgtgggteatcaagecagatcagagagaccaagageggeaccaagatcaacctggecat
gagcaactctgagtggctggagtatgcccagtgcaacctgttatga

>TsCas12a (codon-optimised DNA sequence)
atgaccaagaccttcgacagcgagttcttcaacctgtacagectgcagaagaccgtgagattcgagetgaaacccgtgggagaaacagetagettcgtggaggac
ttcaagaacgagggcctgaagagagtggtgagecgaggacgaaagaagagecgtggactaccagaaggtgaaggagatcatcgacgactaccacagagacttc
atcgaggagagcctgaactacttccccgageaggtgagcaaagacgetctggageaggcectticacctgtaccagaagetgaaggecgetaaggtggaggaaa
gagagaaggccctgaaggaatgggaagecctgcagaagaagcetgagagagaaggtggtgaagtgcttcagegacagcaacaaggccagattcagecagaate
gacaagaaggagctgatcaaggaggacctgatcaactggetggtggcccagaatagagaggacgacatccctaccgtggagaccttcaacaacttcaccaccta
cttcaccggcettccacgagaacagaaagaacatctacagcaaggacgaccacgetaccgecatcagcettcagactgatccacgagaacctgeccaagttettcga
caacgtgatcagcttcaacaagctgaaggagggcttccccgagetgaagticgacaaggtgaaggaggacctggaggtggactacgatctgaageacgecttcg
agatcgagtacttcgtgaacttcgtgacccaggecggaatcgaccagtacaactacctgetgggeggeaaaacactggaggatggeacaaagaageagggeat
gaacgagcagatcaacctgttcaagcagcagcagaccagagacaaggecagacagatccccaaactgatecccectgtticaageagatectgagegagagaace
gagagccagagcttcatccccaageagticgagagegaccaggagetgtitgacagectgcagaagetgecacaacaactgecaggacaagttcaccgtgetgea
geaggctattctgggactggctgaggctgatetgaagaaggtgttcatcaagaccagegacctgaacgetctgagecaacaccatettcggeaactacagegtgttt
agcgacgeectgaacctgtacaaggagagectgaagaccaagaaageccaggaggecttcgaaaaactgeccgeccatageatccatgacctgatccagtace
tggagcagttcaacagcagectggacgctgaaaagecagecagageacagacaccgtgctgaactacttcatcaagaccgacgagcetgtacageagattcatcaag
agcaccagcgaggctttcacccaagtgcaaccectgtttgagetggaagecctgageagecaaaagaagaccccccgagagegaagatgaaggegetaaggge

caagaaggcttcgagcagatcaagagaatcaaggcectacctggacacacttatggaggecgtgcactttgctaageccctgtatctggtgaagggcagaaagatg



atcgagggcctggacaaggaccagagcttctacgaggecttcgagatggectaccaggaactggagagectgatcatccecatctacaacaaggecagaageta
cctgagcagaaageccttcaaggecgacaagttcaagatcaacttcgacaacaacaccctgetgtetggatgggacgecaacaaggaaacagecaacgecage
atcctgttcaagaaggacggcctgtactaccttggeatcatgeccaagggceaagaccttectgttcgactactticgtgagcagegaggacagegagaagetgaag
cagagaagacagaagaccgccgaggaagcetcttgctcaagacggegaaagetacttcgagaagatcagatacaagetgetgeceggegetageaaaatgetge
ccaaggtgttcttcagcaacaagaacatcggcettctacaaccccagegacgacatectgagaatcagaaacaccgecagecacaccaaaaatggeacceecccag
aagggacatagcaaggtggagttcaacctgaacgactgccacaagatgatcgacttcttcaagagecageatccagaageaccccgaatggggaagetteggett
cacattcagcgacaccagcegacttcgaagacatgagegecttctacagagaggtggagaaccagggctacgtgatcagettcgacaagatcaaggagacctaca
tccagagcecaggtggageagggaaacctgtacctgttccagatctacaacaaggacttcageccctactctaagggeaageccaatetgecacacectgtactgga
aggccctgttcgaagaggecaacctgaataacgtggtggccaagetgaatggcgaagecgagatettcttcagaagacacageatcaaggecagegacaaggt
ggtgcaccctgecaatcaagecatcgacaacaagaacceccacaccgagaaaacccagageaccttcgagtacgacctggtgaaggacaagagatacaceea
ggacaagttcttcttccacgtgeccatcagectgaactttaaggeccagggegtgageaagttcaacgacaaggtgaacggcettcctgaagggaaaccecgacgt
gaacatcatcggcatcgacagaggcgaaagacacctgetgtacttcaccgtggtgaaccagaagggegagatecttgtgcaggagagectgaacaccctgatga
gcgacaagggecacgtgaacgactaccagcagaagetggacaagaaggagcaggaaagagacgecgecagaaaatettggaccaccgtggagaacatcaa
ggagctgaaggagggctatctgagecacgtggtgcataagetggeccacctgatcatcaagtacaacgecategtgtgectggaggacctgaacttcggettcaa
gagaggcagattcaaggtggagaagcaggtgtaccagaagttcgagaaggecctgatcgacaagetgaactacctggtgticaaggagaaggagetgggcga
agtgggacattatctgaccgcctaccaactgacagetcccttcgagagettcaagaagetgggcaagecagageggeatectgttttacgtgeccgetgactacacc
tctaagatcgaccccacaaccggcttcgtgaacttcctggacctgagataccagagegtggagaaggcetaagecagetgetgagegacttcaacgecatcagattce
aacagcgtgcagaactacttcgagttcgagatcgactacaagaagetgacccccaagagaaaagtgggeacccagageaaatgggtgatetgcacctacggcg
acgtgagataccagaacagaagaaaccagaagggcecactgggaaaccgaagaggtgaacgtgaccgagaagetgaaggetctgttcgeccagegacageaag
acaaccaccgtgatcgactacgccaacgacgacaacctgatcgacgtgatcctggagecaagacaaggecagcttcttcaaggagcetgetgtggctgetgaaget
gaccatgaccctgagacacagcaagatcaagagcgaggacgacttcattctgageccegtgaagaatgagecagggegagttctacgacagcagaaaggecgg
agaagtgtggcccaaagatgecgatgetaacggagectaccatatcgetctgaagggectgtggaacetgecageagatcaaccagtgggagaagggcaagaca

ctgaacctggccatcaagaaccaggactggttcagcettcatccaggagaagecctaccaggaatga

>BbCas12a (codon-optimised DNA sequence)
atgaagaagttcaccaacctgtacccegtgcagaagaccctgagattcgagcttatcceccagggceaatacctctaageacctgtgcaagatcatccaggaggac
gagcagatcgctgaggatagccaggaggtgaagaagetgetggacagataccacaaggagttcatcgecatcgecctgageagcetttectacaageeecctgge
caaagagatcatccccaagctgaaggagttcgcccagatcagagetacaggegacgecaageagattagecaccatccaggacgagetgagagagettgtggtg
aagggctttaagggagagggcgagcaggagagaagatacaagatcctgatcggegctaagggeaaccctaatgetgacgagetgttcaacaccgagetgatea
acttcctgaaggaccctgctgaacaggetctggtgaagaagttccagaagcacaccggcetacttcctgggcettcaacgagaacagaaagaacatgtacagegeca
aggctcagagcacagccattgectacagactgatccacgagaacctgcccagattcctggacaacatcaccacctacgagaaggtgaagacctacctgaaggag
gagatcccccagetggagaaggaactggtgagagecggagcettetctggttagecatgtggacagegtgttcaccatcgacttettcctggaggtgttcacccaaa
gecggceatcgaccaatacaacgecctgatcggeaagatcgtgaaccaagageagggegaggtgaaaggectgaacgagagaatcaacctgtacaaccageage
acaagcaggaggctaagcetgectetgttcaagecectgtacaagecagatectgagegacagagageaacttagetggetggecgaagettacaacagegacaag
gacctgetggacageatccagaagtactaccagetgetgatcgacaaccagatcttcgagagaatccccagactgatgeacacactggagaaageececctgga
caagatctggatcacctacgacacccagetgaccageatcagcaacaccetgtacggeagetggagagtgattggagaggcectgggcagaaatgecaagage
gagaaggagagaaagagcagecagaagaaggccctgaactacagectggagageatcaatcaggecatcgecaagatgeccagegatgaggaacttecteee
atccagaagtacttcatcgecctgggaagceaaccccagcaagaaagacgetagecageggeacactggtggataaggtgagaageagetacaaggectgecag
gacatccttaccaaccetgaccataccggcaagaagetgatccaggacaagaageaggtggacctgetgaaacagetgetggacgaccttetgateetgeagag
attcatcaagcccctgetgtacagcaacaacgagaacgagacccacaaggacgaggtgttctacaccgagetgaccgacatcatggacctgetgaaccctategt
gggcctgtacaacaaggtgagaaactacctgacccagaagecctacagecaccgagaagttcaagatcaacttcaagageageagectgetggetggatgggac

agaaacaaggagaaggacaacctgggegtgatcctgaagagagaggacaagtactacctggecatcatggacaaggetcacaacgecaccttcaagaacaag



agcctgeccacacaaggagagtgetacgagaagatggagtacaagetgetgeceggegecaataaaatgetgeccaaggtgtacatcaccagcaagaaggge
atcgagagcttccatcccagegaagagetgecagaagaagtacaagetgggeacccacaagaaaggagecagcettcaacctgagegacatgagageectgate
gactacttcaaggagagcctggagaagcatgaggagcacagecaattcggettecacttcagecgacaccageacctacgaagacatcageggcettctacagaga
ggttgagcagcaggectacaagatcaccttcagaaaggtgagegtggagtacatcgaccagetggtgaacgagggeaagcetgtacctgttccagatctacaaca
aggacttcagcccctacagecaagggeaccectaatctgecacaccectgtactggaagatgetgttcgaccecgecaatetgecaggacategtgtacaagetgaacg
gagaggcecgaggtgttcttcagaaagaagagectgeagtacgacagacccacacaccctaagggecaaccecatcaacaagaagagectgetgaacgaaggag
agaccagcctgtttgactacgacctgatcaaggacagaagattcaccgtggacaagttccagttccacgtgeccatcaccatgaacttcaaggecacccagggea
ccaaagtgaaccagatggtgcaggaggaggtgaagaagagecaagggcttccacctgatcggaatcgacagaggegagagaaacctgetgtacatcgtggtgat
caacgagagaggcgagatcatcgagecagtgcagectgaacaagatcgtgaacacctaccaggagaaggageacacegtggactataaggeectgetggagaa
gagaagccagagcagactggaggagagaaagagctggecagaccatcgagaacatcaaggagetgaagggeggetacctgtctcaagtggtgcacaaaatcg
cccagctgatgatcaagtacaacgccategecgtgetggaggatetgaacttcggcettcatcagaaccagaaagaagttcgagttcagegtgtaccaggagttcga
gaagaagctgatcgacaagctgggctacgtggtggataaaaaggeccccatccaacaagaaggaggactgetgcaggcttatcaactgacageccecttcaaga
gcttcagagagatgggcaagceagaacggcttectgtictatgtgeccgectggaatacctetgecatcgacectagaacaggettcgtgaacctgetggacaccag
atacgagagcatcgccaagaccaaggagctgatcaagaagetgaaggacatcagatacaacagccagaaggactggttcgagatcgacctggactacaacgec
ttcggcaacagagctaagggcagecagaagcaagtggagactgtgcagetacggcgagagaatcgageacaccagaaageaggacageaacggecaggaag
aaagcgacagcatggtggttctgaccgaggcecttcaaggacgtgttcaccaagtaccagatcgactacagagagaacctgaaggagceagetgetgetgcaaage
gacaaggccttcttcgtggacttcctgagectgctgagactgaccetgcagetgagaaacagectgagecaacagectgatcgactacatectgageceegtggct
gatgaaaacggcgagttcttcgacagcagaaaggecctgagcaacgaacctcaagatgeccgacgecaacggagcettatcacatcgecctgaaaggactgtggg
tgctggacaagatcagaaagaccgagaaggtgacccctgecaaactggetctgagcaaccaggaatggetgagettcgetcaggagaageccttettcaacgag
tga

>BoCas12a (codon-optimised DNA sequence)
atgaggaagttcaacgagttcgtgggcectgtaccccattagcaagacectgagattcgagetgaageccatcggeaaaaccctggageacatccagagaaacaa
getgetggageacgatgetgtgagagetgacgattacgtgaaggtgaagaagatcatcgacaagtaccacaagtgectgatcgatgaggctetgageggettcac
atttgacacagaggccgacggcagaagcaataacagectgagegagtactacetgtactacaacctgaagaagagaaacgagcaggageagaagaccttcaag
accatccagaacaacctgagaaagcagatcgtgaacaagetgacccagagegagaagtacaagagaatcgacaagaaggagetgatcaccacegatetgece
gacttcctgacaaacgagagcgagaaggagetggtggagaagticaagaacttcaccacctacttcaccgagticcacaagaacagaaagaacatgtacagcaa
ggaggagaagagcaccgcecatcgecttcagactgatcaacgagaacctgeccaagttcgtggataacatcgecgecticgagaaagttgtgageageeecctgg
ccgaaaaaatcaacgccctgtacgaggacttcaaggagtacctgaacgtggaggagatcagecagagtgttcagactggactactacgacgagetgetgaccecag
aagcagatcgacctgtacaacgccattgtgggcggcagaaccgaagaggacaacaagatccagatcaagggectgaaccagtacatcaacgagtacaaccag
cagcagaccgacagaagcaacagactgcccaagetgaagececctgtacaagcagatectgagegacagagagagegttagetggetgeceectaaattcgaca
gcgacaagaacctgctgatcaagatcaaggagtgctacgacgeccttagcgagaaggagaaggtgttcgacaagetggagageatcctgaagagectgageac
ctacgacctgagcaagatctacatcagcaacgacagccagetgagctacatcagecagaagatgttcggeagatgggacatcatcagcaaggecatcagagag
gactgegecaagagaaacccccagaagageagagagagectggagaagttcgecgagagaatcgacaagaagetgaagaccatcgacageatcageatcgg
cgacgtggacgaatgtettgetcagetgggegaaacctacgtgaagagagtggaggactacticgtggetatgggegagagegaaattgacgacgageagace
gataccaccagcttcaagaagaacatcgagggegectacgaatctgtgaaggagetgetgaacaacgecgacaacatcaccgacaacaacctgatgecaggaca
agggcaacgtggagaagatcaagaccctgetggacgecattaaggacctgeagagattcatcaageccetgetgggcaaaggagatgaggecgataaagacg
gegtgttetacggegaatttaccagectgtggaccaaactggaccaagtgaceeccctgtacaacatggtgagaaactacctgaccagecaageectacageaccea
agaagatcaagctgaacttcgagaacagcaccctgatggatggctgggacctgaacaaagageccgacaacaccaccgtgatetictgcaaggacggectgtac
taccttggcatcatgggcaagaagtacaacagagtgttcgtggacagagaggatctgectcacgacggagagtgctacgacaagatggagtacaagetgetteee
ggcgcecaataaaatgetgeccaaggtgttctttagegagaccggeatccaaagattectgeccagegaagaactgetgggcaagtacgaaagaggeacccacaa

gaagggagccggatttgacctgggagactgcagagetetgatcgacticttcaagaagagcatcgagagacacgacgactggaagaagttcgacttcaagttcag



cgacaccagcacctaccaggacatcagcegagttctacagagaggtggagcagecagggcetacaagatgagettcagaaaggtgagegtggactacatcaagag
cctggtggaggagggaaagetgtacctgttccagatctacaacaaggacttcagegeccactctaagggaacacccaacatgcacaccctgtactggaagatget
gttcgacgaggagaacctgaaggacgtggtgtacaagetgaacggagaggecgaggtgttcticagaaagagcageatcaccgtgecagagecctacacatecet
gccaacagecccatcaagaacaagaacaaggacaaccagaagaaggagagcaagtticgagtacgacctgatcaaggacagaagatacaccgtggacaagtte
ctgttccacgtgcccatcaccatgaacttcaagagegtgggcggeageaacattaaccagetggtgaagagacacatcagaagegecaccgacctgeacattate
ggcatcgacagaggegaaagacacctgetgtacctgaccgtgatcgacagecagaggeaacatcaaggageagticagectgaacgagatcgtgaacgagtaca
acggcaacacctacagaaccgactaccacgagetgetggacacaagagagggcgaaagaaccgaggecagaagaaactggeagaccatccagaacatcag
agagctgaaggagggctatctgagecaggtgatccacaagatcagegagetggecatcaagtacaacgeegtgatcgtgctggaggacctgaactteggcetteat
gagaagcagacagaaggtggagaageaggtgtaccagaagticgagaagatgctgatcgacaagetgaactacctggtggacaagaagaagecegtggetga
aacaggaggactgctgagagcectatcaactgaccggegagticgagagetttaagacecetgggcaageaaageggeatectgttetacgtgeccgettggaaca
ccagcaagatcgatccegtgaccggctttgtgaacctgticgacacccactacgagaacatcgagaaggecaaggtgticttcgacaagttcaagagceatcagata
caacagcgacaaggactggttcgagttcgtggtggacgactacaccagattcagecccaaggecgaaggaaccagaagagactggaccatetgeaceccaggg
caagagaatccagatctgcagaaaccaccagagaaacaacgagtgggagggccaagaaatcgacctgaccaaggecttcaaggageacttcgaggectatgg
cgtggacatcagcaaggacctgagagagcagatcaacacccagaacaagaaggagttcttcgaggagetgctgagactgetgagactgacectgcagatgaga
aacagcatgcccagcagegacatcgactacctgatcageccegtggctaatgacacaggetgcttcttcgacagcagaaagcaggecgagetgaaggaaaatg
ccgtgetgectatgaatgecgatgecaacggagettacaacatcgecagaaagggectgctggecatcagaaagatgaagecaggaggagaacgacagegeca
aaatcagcctggcecatcagcaacaaggagtggctgaagttcgctcagaccaagecctatctggaggactga

>Lb4Casl2a (codon-optimised DNA sequence)
atgggactgtatgacggcttcgtgaacagatacagecgtgagcaagaccctgagattcgagetgatcccccagggaagaaccagagagtacatcgagaccaacg
geatcctgagegacgatgaggagagagcecaaggactacaagaccatcaagagactgatcgacgagtaccacaaggactacatcagcagatgectgaagaacg
tgaacatcagctgectggaggagtactaccacctgtacaacagcagcaacagagacaagagacacgaggagetggatgetetgagegaccaaatgagaggeg
agatcgccagctttctgaccggcaacgacgagtacaaggagcagaagageagagacatcatcatcaacgagagaatcatcaacttcgeccageaccgatgaaga
actggccgecgtgaagagattcagaaagttcaccagcetacttcaccggettettcaccaacagagagaacatgtacagegecgagaagaagtctacagecatcge
ccacagaatcatcgacgtgaacctgeccaagtacgtggacaacatcaaggecttcaacaccgetattgaagecggegtgticgatattgecgagticgagageaa
cttcaaggccatcaccgacgaacatgaggtgagegacctgetggacatcaccaagtacageagattcatcagaaacgaggacatcatcatctacaacaccetget
gggcggcattagcatgaaggacgagaagatccagggectgaacgagetgatcaacctgecacaaccagaageaccccggeaaaaaggtgectetgetgaaggt
getgtacaagcagatcctgggcgacagecagacacatagettcgtggacgaccagttcgaggatgaccagecaggtgatcaacgecgtgaaggcetgtgaccgac
acctttagcgagaccctgctgggaagectgaagatcatcatcaacaacatcggecactacgacctggacagaatctacatcaaggecggecaggacattacaacc
ctgagcaagagagcecctgaacgactggcacatcatcaccgagtgcctggagtetgagtacgacgacaagticcccaagaacaagaagagegacacctacgag
gagatgagaaacagatacgtgaagagctticaagagcttcagcatcggeagactgaacagectggtgaccacctataccgageaagectgcettcctggagaattac
ctgggcagcettcggaggcgataccgacaagaactgectgaccgacttcaccaacagectgatggaggtggageacctgetgaacagegaatacceegtgacca
acagactgatcaccgactacgagagcgtgagaatcctgaagagactgetggacagegagatggaggtgatccacttcctgaaaceectgetgggeaatggaaac
gagagcgacaaggacctggtgttctacggegagticgaggecgagtacgaaaaactgetgeccgtgatcaaggtgtacaacagagtgagaaactacctgacea
gaaagcccttcagcaccgagaagatcaagetgaacttcaacagecceacactgetgtgtggatggagecagageaaggagaaggagtacatgggegtgatect
gagaaaggacggccagtactacctgggaatcatgaccecccageaacaagaagatettcagegaggetcccaagectgatgaagactgetacgagaagatggty
ctgagatacatcccecaccectatcagatgetgeccaaggtgttettcagcaagageaacategecttettcaaccccagegacgagatcetgagaatcaagaage
aggagagcttcaagaagggcaagagcttcaacagagacgactgccacaagttcatcgacttctacaaggacagceatcaacagacacgaggagtggagaaagtt
caacttcaagttcagcgacaccgacagcetacgaggacatcageagattctacaaggaggtggagaaccaggecttcageatgagettcaccaagatceccaceg
tgtacatcgatagectggtggacgagggaaagetgtacctgttcaagetgecacaacaaggacttcagegageacagcaagggceaaacccaacctgeacaccgtt
tactggaacgccctgttcagecgagtacaacctgecagaacaccgtgtaccagetgaacggaagegecgagatcttcttcagaaaggecageatcecccgagaacga

gagagtgatccacaagaagaacgtgcccatcaccagaaaagtggecgagetgaacggcaaaaaggaggtgagegtgticcectacgacatcatcaagaacag



aagatacaccgtggacaagttccagttccacgtgeccctgaagatgaacttcaaggecgacgagaagaagagaatcaacgacgacgtgatcgaggecatcaga
agcaacaagggcatccacgtgatcggaatcgacagaggegagagaaacctgetgtacctgagectgatcaacgaggagggcagaatcatcgagecagagaage
ctgaacatcatcgacagcggegaaggecatacccagaactacagagacctgetggacagcagagagaaggacagagagaaggecagagagaactggeagg
agatccaggagatcaaggacctgaagaccggctatctgagecaagecatccacaccatcaccaagtggatgaaggagtacaacgecateatecgtgetggagga
cctgaacgacagattcaccaacggcagaaagaaggtggagaageaggtgtaccagaagticgagaagatgctgatcgacaagetgaactactacgtggacaag
gacgaggagttcgacagaatgggcggcacacatagagetctgecaactgaccgagaagttcgagagettccagaagetgggaagacagaccggcttcatetteta
tgtgeeegectggaacacatctaagetggatccecacaaccggattcgtggacctgetgtaccccaagtacaagagegtggacgecaccaaggacttcatcaagaa
gttcgacttcatcagattcaacagcgagaagaactacttcgagttcggectgecactacageaacttcaccgagagagecatcggatgcagagacgagtggatecetg
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gccatgageaacagagagtggatgeacttcgeccaggaaageagacttgcttga
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Figure S1 Cleavage of ssDNA by Cas12a with a programmable and PAM-independent mechanism. (a) Cleavage
of ssDNA and dsDNA by Casl2a. 3'-FAM-labelled ssDNA or dsDNA containing different PAMs were cleaved
by Casl2a and crRNA-DNMT-23nt. For dsDNA, only ds1 with the PAM sequence of “TTC” was successfully
cleaved; however, for ssDNAs, all targets with or without PAM sequences could be cleaved. Schematic of the
substrates was shown in the lower panel. (b) Identification of the Casl2a cleavage sites on ssDNA of target-
DNMT1-3 using urea PAGE. The cleavage sites were near the 22" base downstream of the first crRNA-paired
base with different crRNAs. Schematic of the ssDNA substrate and crRNAs was shown in the lower panel. Paired
guide sequences were shown by orange lines and the cleavage sites were indicated by both arrows and numbers.
(c¢) Determination of the cleavage sites of Cas12a on target-DNMT1-3 ssDNA. crRNAs had short guide sequences
of 16 nts, 18 nts and 20 nts, respectively. As there were 8 nts before the paired site in the target ssDNA, the 30-nt
product indicated the cleavage of target ssDNA after the 22" base by Cas12a. Schematic of the ssDNA substrate
and crRNAs was shown in the lower panel. (d) crRNAs with different lengths of guide sequences were tested on

dsDNA and ssDNA. At least 16-nt guide sequences were required by Casl2a for cleavage of target dsDNA;



however, even 10-nt guide sequence of crRNA enabled the cleavage of ssDNA by Cas12a. Schematic of the target
DNA (target-T1) and the crRNAs was shown in the lower panel. (e) Time-course cleavage experiment. FAM was
labelled on the 3'-end of the T-strand of dsDNA or target ssDNA, with the schematic of DNA substrates shown in
the lower panel. Target sequence was shown in red and the PAM site of “TTC” was shown in yellow. (f)
Quantification of the Cas12a DNA cleavage activity on dsDNA and ssDNA substrates. Cleavage assays were

conducted in triplicate and data were represented as mean + SEM.
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Figure S2 The Casl2a frans cleavage activity on ssDNA. (a) Time-course cleavage of DNMT1-3 ssDNA in the
presence of Casl2a/crRNA-T1-24nt/target-T1 complex. Collateral ssDNAs (DNMT1-3) labelled with FAM at
either the 3'-end (left part) or 5'-end (right part) were promiscuously cleaved. The concentration of crRNA and
Casl2a used here was reduced to 100 nM each. (b and c¢) Cleavage of FAM-labelled collateral ssDNAs (i.e.
target-T1-F-FAM, target-T1-R-FAM, target-T1-FAM-3'-F and target-T1-FAM-5'-R) by Cas12a (b) or its complex
(c). Digestion reactions with no Casl2a or only Casl2a were employed as negative controls (b). When only
Casl2a and crRNA-DNMT-23nt were added, collateral ssDNAs (target-T1, FAM-labelled) could not be cleaved.
However, upon the formation of the ternary complex of Cas12a/crRNA-DNMT-23nt/target-DNMT1-3 (dsDNA
or ssDNA) (c¢), collateral ssDNAs (target-T1, FAM-labelled) were trans cleaved.



\et et et
o < ‘(\Q\

S ol <> <>
© & o %
o© @® @*® & M

substrate —» - 25nt

productsof g . . i [ 5nt
trans cleavage

FAM scan
1h
NS
S
S & @
& S
M & & &
" | ¢—substrate 49nt substrate
i
i
n
products of gg"t no expected
ni
trans cleavage 17nt products of
cis cleavage
10nt products of
Snt * brans cleavage
) JOE scan
15 min 1h
N
N, v
L &
S &S S
»
- " ‘ 4—substrate | |« substrate
‘ p(oducts of products of
! i cis cleavage cis cleavage
.
. .
products of
“Chrans cleavage <_products of
trans cleavage

Figure S3 Casl2a-mediated cis- and trans-cleavage of ssDNA. (a) Collateral ssDNA substrate N25-3'FAM was
trans-cleaved by the Cas12a complexes. All complexes, including Cas12a/crRNA-T2/target-T2, Cas12a/crRNA-
T3/target-T3 and Casl2a/crRNA-T4/target-T4, had the ssDNA trans-cleavage activity. (b) Cleavage of double-
end labelled ssDNA substrate (target-DNMT1-3-R-FAM-5'-JOE-3’), which was labelled with 5'-FAM and 3'-JOE.
Double-end labelled ssDNA was cleaved for 15 min and 1 h by complex 1 (Cas12a/crRNA-DNMT-23nt/target-
DNMT1-3-R-FAM-5'-JOE-3") or complex 2 (Casl2a/crRNA-T1/target-T1-24-R). 3’-JOE-labelled cis-cleavage
product (about 30 nt) only appeared with JOE scan, and no 5’-FAM-labelled cis-cleavage product (expected at 20

nt) could be observed.
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Figure S4 Analysis of ssDNA by LC-MS. Analysed ssDNAs included 10T-FAM-5' (a), l0T-FAM-3' (¢) and their
corresponding products (b and d) trans-cleaved by complex of Casl2a/crRNA-T1/target-T1-18-R. The main
cleavage product of substrate 10T-FAM-5" was 4T-FAM-5' with the molecular weight of 1693.4 (b), and main
cleavage product of 10T-FAM-3’ was 2T-FAM-3' with the molecular weight of 1196.8 (d).
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Figure S5 Multiple sequence alignment of Cas12a proteins. The RuvC and Nuc domains were labelled above the
amino acid sequences, and key residues were indicated by coloured triangles. Fn, Francisella tularensis; As,
Acidaminococcus sp. BV3L6; Lb, Lachnospiraceae bacterium ND2006; Lb5, Lachnospiraceae bacterium
NC2008; Hk, Helcococcus kunzii ATCC 51366; Os, Oribacterium sp. NK2B42; Ts, Thiomicrospira sp. XS5; Bb,
Bacteroidales bacterium KA00251; Bo, Bacteroidetes oral taxon 274 str. F0058; Lb4, Lachnospiraceae
bacterium MC2017.
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Figure S6 Characterization of the cis and trans cleavage activities of ten Cas12a proteins from different species.
(a) A phylogenetic tree of partial Cas12a-family proteins, among which ten were chosen for further biochemical
analyses and were indicated in red. (b) Cleavage of plasmid pCB1A2 2 by ten different Casl2a proteins with
crRNA-T1-24nt. (¢) Cis cleavage of the ssDNA target-T1 by ten different Cas12a proteins with crRNA-T1-24nt.
All Casl2a proteins showed cis cleavage activity. (d) Trans cleavage of the ssDNA target-DNMT1-3 by the
complex of Cas12a/crRNA-T1-24nt/target-T1 (ssDNA). All Cas12a complexes showed trans cleavage activity.
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Figure S7 The Cas12a trans cleavage activity on ssDNA. (a) Trans cleavage of collateral ssDNA (target-DNMT 1 -
3) by the Casl2a complex with different lengths of target ssDNA. In lanes 3-7, 3’-extended sequences were
designed on the target ssDNA, which was indicated in the schematic; lanes 8-11, there were no extended sequences
beyond the 3’ terminal of the target ssDNA. The crRNA-T1-24nt was used in the assay, and detailed information
of the target ssDNAs used could be found in Extended Data Table 1. (b) Casl2a trans cleavage of circular target
ssDNA of M13mp18. Once the ternary complex of Cas12a/crRNA/target DNA formed, circular ssDNAM13mp18
was promiscuously cleaved. Exonuclease T (Exo T), which is a single-stranded RNA- or DNA-specific nuclease
that requires a free 3’ terminus and removes nucleotides in the 3’ to 5’ direction, showed no cleavage activity on

circular M13mp18 and was therefore employed as a negative control.
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Figure S8 Trans cleavage of dsDNA substrate by ten different Casl2a complexes. Upon the formation of
Casl2a/crRNA-T1/target-T1 (ssDNA), most Casl12a complexes (except AsCasl2a) had trans cleavage activity
on the ends of dsDNA substrate of target-DNMT1-3, among which the activity of LbCasl2a, BoCasl2a and

Lb4Cas12a complexes was much higher.
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Figure S9 Identification of the cleavage sites in double-stranded DNMT1-3 by FnCas12a and its mutants
(D917A, E1006A and D1255A mutations in the RuvC domain; R1218A mutation in the Nuc domain),
employing crRNA-DNMT-23nt and FAM-labelled dsDNA. Labelling of targets was indicated above each
lane, i.e. R1: 5'-labelled non-target strand, R2: 3'-labelled target strand, R3: 3'-labelled non-target strand, and R4:

5'-labelled target strand. All mutants showed either weakened or completely lost activity on dsSDNA cleavage.
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Figure S10 Identification of key residues in Cas12a that were involved in the cis and trans ssDNA cleavage. (a)
cis cleavage of target ssDNA (target-T1-R-FAM) by FnCas12a and three FnCas12a mutants with single amino
acid replacement in H843, K852 and K869, which are associated with the RNase activity. No significant difference
was found in the cis cleavage activity among the tested Cas12a proteins. (b) Trans cleavage of the 3'-FAM-labelled
collateral ssDNA of target-DNMT1-3-R by the ternary complexes of wild-type FnCas12a or its mutants. The three
tested residues (H843, K852 and K869 in FnCasl2a) are associated with the RNase activity. No significant

difference was found in the trans cleavage activities among the tested Casl2a proteins.
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Figure S11 The RuvC catalytic pocket model for C2c1 and Cas12a. (a-c¢) C2¢c1 complex: the ternary complex
C2c1 with sgRNA and extended target DNA (PDB: 5U30 in Figure S11a), extended non-target DNA (PDB:
5U33 in Figure S11b) and excess ssDNA (PDB: 5U31 in Figure S1lc). All above substrate DNAs were
positioned in the RuvC catalytic pocket (labelled in dashed yellow circle). (d-e) Casl2a complex (PDB:
5B43): the ternary complex of Cas12a with crRNA and proposed extended target DNA (Figure S11d) and
extended non-target DNA (Figure S1le). Red dots represented the proposed positions of extended target-
DNA and non-target-DNA. (f-g) Figure S11frepresented the binary complex Cas12a/crRNA with a triangle-
shaped structure (PDB: 1WJX) and Figure S11g represented the ternary complex Cas12a/crRNA/DNA with
a bilobed architecture (PDB: 5B43). Molecular graphic images were prepared using CueMol
(http://www.cuemol.org). DNA was colored in Red, RNA was colored in black and the RuvC catalytic pocket

was indicated by dashed yellow circles.
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Figure S12 The Casl2a cleavage models. Substrates included target dsSDNA (a), collateral ssDNA trans-
cleaved by the ternery complex of Cas12a/crRNA/target dsDNA (b), target ssDNA cis-cleaved by the Cas12a
complex (¢) and cis-cleaved ssDNA which was then trans-cleaved by the Cas12a complex (d). All substrate
DNAs were proposed to be cleaved by the active sites in the Cas12a RuvC pocket.
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