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Figure S1. Phylogeny tree of non-redundant Cas12a orthologs and selected Cas12a loci for 

genome editing. a Evolutionary relationships of the Cas12a bacterial strains. Candidates 

synthesized for further functional experimentation were highlighted in red. b Schematic 

showing the 5 naturally existed crRNA scaffolds from the 25 Cas12a bacterial strains in Figure 

1a. c Maps of bacterial genomic CRISPR-Cas12a loci corresponding to the 12 candidates 

selected to be tested. 
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Figure S2. In vitro DNA cleavage assay for Cas12a PAM sequences. a Coomassie blue stained 

SDS-PAGE of E. coli expressed BsCas12a stepwise purification as a representative. The black 

triangle indicates Cas12a-His10 fused protein. b (Upper) Schematic showing the 3 naturally 

existed crRNA scaffolds used for in vitro DNA cleavage assay. (Lower) Depiction of workflow 

of in vitro DNA cleavage assay. c In vitro DNA cleavage assay using the 12 candidate Cas12a 

proteins directed by crRNA scaffold 1, 2 and 5, respectively. The PCR-generated templates 

contained 5’-T rich PAM sequences. N = A, T, G, C. M, DNA marker. d In vitro DNA cleavage 

analysis of the seven Cas12a nucleases possessing in vitro nuclease activity in Figure S2c to 

target various 5’ PAM sequences directed by crRNA scaffold 1. N = A, T, G, C. M, DNA marker. 
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Figure S3. Six new Cas12a proteins mediated robust genome editing in mammalian cells. a 

(Upper) Diagram of Cas12a expression vector driven by the CAG promoter. (Lower) 

Immunofluorescence staining of the tested 12 HA-tagged Cas12a proteins in human HeLa cells. 

NLS, nuclear localization signal. Scale bars, 20 μm. b (Left) Schematic showing the sequence 

of crRNAs targeting one human and two mouse gene sites with the requisite 5’-TTTN PAM. 

(Right) T7EI analysis of targeted indel frequencies generated by the six Cas12a orthologs as 

indicated. AsCas12a was used as positive control. GFP, an empty backbone vector without 

Cas12a protein expression. M, DNA marker. c (Left) Schematic showing the sequence of 

crRNA targeting one human and one mouse gene sites with the requisite 5’-TTN PAM. (Right) 

T7EI analysis of targeted indel frequencies generated by the six Cas12a orthologs and 

AsCas12a as indicated. GFP, an empty backbone vector without Cas12a protein expression. M, 

DNA marker. d-f Representative targeted human CD34 sequences observed in Figure 1b and 

Figure S3b, and targted mouse Nrl sequences observed in Figure S3c. The PAM sequences 

were colored red. Green dashes and blue lowercases indicated deletions and insertions, 

respectively. 

  



a

GTGGAAAACTCCCTTTGTGAGAATGGTGCGTCC---TAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTC

GTGGAAAACTCCCTTTGTGAGAATGGTGCG--------GGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTC

GTGGAAAACTCCCTTTGTGAGAATGGTGCGTCCctaTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTC

GTGGAAAACTCCCTTTGTGAGAATGGTGCGTC----TAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTC
GTGGAAAACTCCCTTTGTGAGAATGGTGCGcac---acccccatttCCAGGTCGTGGCCGCCTCTACTCCCTTTCTC

GTGGAAAACTCCCTTTGTGAGAATGGTGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTCTTT
GTGGAAAACTCCCTTTGTGAGAATGGTGCGTCC--GGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTCTTT
GTGGAAAACTCCCTTTGTGAGAATGGTGCG-----------------------------TCTACTCCCTTTCTCTTT

Human AAVS1 target site 2

Human AAVS1 target site 3

Human AAVS1 target site 1

Human AAVS1 target site 7
CTCTCCTGCCCCTTCCCTACAGGGGTTCCTGGCT-CTGCTCTTCAGACTGAGCCCCGTTCCCCTGCATCCCCGTTCC
CTCTCCTGCCCCTTCCCTACAGGGGTTCCTGGCTtCTGCTCTTCAGACTGAGCCCCGTTCCCCTGCATCCCCGTTCC

CTCTCCTGCCCCTTCCCTACAGGGGTTCCTG--------------GACTGAGCCCCGTTCCCCTGCATCCCCGTTCC

CTCTCCTGCCCCTTCCCTACAGGGGTTCCTG-------CTCTTCAGACTGAGCCCCGTTCCCCTGCATCCCCGTTCC
CTCTCCTGCCCCTTCCCTACAGGGGTTCCTG-------agCTTCAGACTGAGCCCCGTTCCCCTGCATCCCCGTTCC

TGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTCTCTTTCTCCATCCTTCTTTCCTTAAAGAGTC
TGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACT-CCTTTCTCTTTCTCCATCCTTCTTTCCTTAAAGAGTC
TGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCT--ACTCCCTTTCTCTTTCTCCATCCTTCTTTCCTTAAAGAGTC
TGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTC-----CCTTTCTCTTTCTCCATCCTTCTTTCCTTAAAGAGTC

Human AAVS1 target site 4

Human AAVS1 target site 5

Human AAVS1 target site 6

AGGAGGGGGGTGTCCGTGTGGAAAACTCCCTTT----------------------------GTGAGAATGGTGCGTC
AGGAGGGGGGTGTCCGTGTGGAAAACTCCCTTTtgttcgccagttaatagtttgcgcaacgGTGAGAATGGTGCGTC
AGGAGGGGGGTGTCCGTGTGGAAAACTCCCTTT------------------------------GAGAATGGTGCGTC
AGGAGGGGGGTGTCCGTGTGGAAAACT-------------------------------------acAATGGTGCGTC

GGCGCTCAGGCTTCCCTGTCCCCCTTCCTCGTCCAC--CATCTCATGCCCCTGGCTCTCCTGCCCCTTCCCTACAGG
GGCGCTCAGGCTTCCCTGTCCCCCTTCCTCGTCCACcaCATCTCATGCCCCTGGCTCTCCTGCCCCTTCCCTACAGG
GGCGCTCAGGCTTCCCTGTCCCCCTTCCTC--------------ATGCCCCTGGCTCTCCTGCCCCTTCCCTACAGG
GGCGCTCAGGCTTCCCTGTCCCCCTTCCTCG--------------TGCCCCTGGCTCTCCTGCCCCTTCCCTACAGG

TCCGTGTGGAAAACTCCCTTTGTGAGAATGGTGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC

TCCGTGTGGAAAACTCCCTTTGTGAGAATG-------CTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC
TCCGTGTGGAAAACTCCCTT------------GCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC
TCCGTGTGGAAAACTCCCTTTGTGAGAAcg-------------GTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC

TCCGTGTGGAAAACTCCCTTTGTGAGAAT--TGCGTCCTAGGTGTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC

TCCGTGTGGAAAACTCCCTTTGTGA------------------GTTCACCAGGTCGTGGCCGCCTCTACTCCCTTTC

Human CCR5 target site 1

Human CCR5 target site 2

GCTTGTCATGGTCATCTGCTACTCGGGAATCCTAAAAACTCTGCTTCGGTGTCGAAATGAGAAGAAGAGGCACAGGG

GCTTGTCATGGTCATCTGCTACTCGGGAATCCTAA------TGCTTCGGTGTCGAAATGAGAAGAAGAGGCACAGGG

GCTTGTCATGGTCATCTGCTACTCGGGAATCCTAA----------TCGGTGTCGAAATGAGAAGAAGAGGCACAGGG
GCTTGTCATGGTCATCTGCTACTCGGGAATCCTA-------TGCTTCGGTGTCGAAATGAGAAGAAGAGGCACAGGG

GCTTGTCATGGTCATCTGCTACTCGGGAATCCTAAAAA----GCTTCGGTGTCGAAATGAGAAGAAGAGGCACAGGG

TGTTTATTTTCTCTTCTGGGCTCCCTACAACATTGTCCTTCTCCTGAACACCTTCCAGGAATTCTTTGGCCTGAATA

TGTTTATTTTCTCTTCTGGGCTCCCTACA--------------CTGAACACCTTCCAGGAATTCTTTGGCCTGAATA
TGTTTATTTTCTCTTCTGGGCTCCCTACAACATTG-------gCTGAACACCTTCCAGGAATTCTTTGGCCTGAATA

TGTTTATTTTCTCTTCTGGGCTCCCTACAACATTGT----CTCCTGAACACCTTCCAGGAATTCTTTGGCCTGAATA
TGTTTATTTTCTCTTCTGGGCTCCCTACAACATTGT--aTCTCCTGAACACCTTCCAGGAATTCTTTGGCCTGAATA

TGTTTATTTTCTCTTCTGGGCTCCCTACAACATTG------TCCTGAACACCTTCCAGGAATTCTTTGGCCTGAATA

H
kC

as
12

a
H

kC
as

12
a



M 2 3 4 5 6 7 8 9 mock

Human RNF2 target sites

CTN-

TTCN-

TCTN-

TCCN-
TCCaTAATAAAAAATTAAGTAGCTTTT

CTcGAAGTCTACACAGTGAATTAATG

CTaCAAAGGAGTGTTTACATCGTTTT

TCTaCACAGTGAATTAATGTGCCCAAT

TCCtTTGTAGTCATGGTGTTCTTCAAC

TCTaAGGGCTGTGATGATGCAGTCTGC

TTCgAGGTGAAACCACAATTTCTAAGC

CTgCATCATCACAGCCCTTAGAAGTG

H
um

an
 R

N
F2

 ta
rg

et
 s

ite
s 2

3
4
5
6
7
8
9

b

M 3 4 5 6 7 8 9 10 mock

Human CD34 target sites

CTtGCAACATCTCCCACTAAACCCTA

TCCaGAAACGACAGTCAAATTCACATC

TCCaGTCACAGACCTCTGTAATCAGCA

TCCcACTAAACCCTATACATCATCTTC

TCTaCCTCTGTGATAACCTCAGTTTAT

TCTgTCCAGTCACAGACCTCTGTAATC

CTcCAGAGACAACCTTGAAGCCTAGC

TCCaGAGACAACCTTGAAGCCTAGCCT

H
um

an
 C

D
34

 ta
rg

et
 s

ite
s

PAMPAM
in vivo

guide sequence
3

site

TCCN-

TCTN-

CTN-

4
5
6
7
8
9

10

indel (%)12.1

Cas12a ortholog

c
M Ar Bs Hk Lp Pr Px As GFP

307 bp

550 bp

243 bp

crRNA scaffold 1

A
AU

A
A

U
-5’U

UU U
UU

PAM Human CD34 target 11
..5’-

..3’-

-3’..

-5’..

-3’UCCAGG UCACAGACCTCTGTAAU

AGTGT CCTCT AGTCACCT CAGACCTCTGTAATC

TCACA GGAGA TCAGTGGA GTCTGGAGACATTAG

UA
G G

CC

Figure S4. Increased genome-wide coverage of HkCas12a with altered PAMs. a Representative 

sequences of mutated alleles in the human AAVS1 and CCR5 loci indicated HkCas12a-crRNA1 

edited the human genome recognizing 5’-YTN, 5’-TYN, 5’-TTYN and 5’-TCCN PAMs. The 

PAM sequences were colored red. Green dashes and blue lowercases indicated deletions and 

insertions, respectively. b (Left) Cas12a target sequences with indicated PAM sequences in the 

human CD34, RNF2 and CCR5 loci. (Right) T7EI analysis indicated that HkCas12a-crRNA1 

targeted the human genome recognizing 5’-CTN and 5’-TYYN PAMs. Red triangles indicate 

cleavage bands. mock, an U6 empty vector without crRNA expression. M, DNA marker. c (Left) 

Schematic showing the crRNA targeting human CD34 site 11. (Right) T7EI assay indicated that 

HkCas12a induced targeted indels directed by 5’-TTCN PAM. GFP, an empty backbone vector 

without Cas12a protein expression. M, DNA marker. 
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Figure S5. crRNA scaffold alters targeted indel efficiencies of Cas12a proteins. a Schematic 

showing the five crRNA scaffolds. Scaffold 1, 2 and 5 cover all cases of naturally existed 
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Efficiencies of targeted indel mutations in the MeCP2 locus in mES cells mediated by the five 

crRNA scaffolds with individual Cas12a-family protein were calculated by T7EI assay. 
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crRNA expression. 
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Figure S6. crRNA scaffold optimization and screening. a-b 256 crRNA scaffolds with all 

possible 4 nt-loop were used for genome editing screening with PrCas12a (a) and BsCas12a (b) 

in the Nrl locus in mES cells and T7EI assay was applied. Enhanced indels compared with 

scaffold 1 were labelled. -, an U6 empty vector without crRNA expression. M, DNA marker. c-

d Target indels produced in the MeCP2 locus in mES cells by PrCas12a (c) and BsCas12a (d) 

with crRNA scaffolds bearing mutations within 3 nt-, 4 nt- or 5 nt-loop. Enhanced indels 

compared with scaffold 1 were labelled. -, an U6 empty vector without crRNA expression. M, 

DNA marker. 
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Figure S7. Enhanced targeted efficiency with optimized crRNA scaffold. a Efficiencies of GFP 

disruption in human 293FT cells mediated by BsCas12a with crRNA scaffold 4n96 and 1. Error 

bars indicate standard errors of the mean (s.e.m.), n = 3. * and *** mean p value < 0.05 and 

0.001, respectively. mock, an U6 empty vector without crRNA expression. b T7EI analysis of 

targeted mutation efficiencies induced at six different endogenous loci by scaffold 4n96 and 1 

combined with BsCas12a. Error bars indicate s.e.m., n = 3. * means p value < 0.05 and ** 

means p value < 0.01. c T7EI analysis of targeted mutation efficiencies induced at two different 

endogenous loci by scaffold 4n96 and 1 combined with individual Cas12a. Error bars indicate 

s.e.m., n = 3. * means p value < 0.05 and ** means p value < 0.01.
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Figure S8. Conserved residues in PAM-interacting (PI) domain of Cas12a proteins. The three 

residues in the PI domain responsible for PAM recognition are indicated with red asterisk. In 

HkCas12a, L642 equivalent to K592 of LbCas12a, is not conserved. 




