
Supplementary Fig. 1 Identification and validation of AsCas12a mutants with enhanced 
activity in E.coli. a Frequency of mutations across the mutated region of AsCas12a gene over 
multiple rounds of selection. b Mapping M537R (M537R) on the crystal structure of AsCas12a 
(PDB: 5B43).  The PAM region of DNA target is highlighted in purple. (C) Mapping the F870L on 
the crystal structure of AsCas12a (PDB: 5B43). d-i Activities of WT-AsCas12a, M537R and F870L 
in bacterial section assay with TTTC or TTTT PAM sequences. Higher survival rate upon 
arabinose selection (“Survived”) relative to the transformation control (no induction, “Input”) 
indicates a mutant with enhanced cleavage activity. Raw source data are provided in an online 
supplementary data file. 



 

Supplementary Fig. 2 The in vitro cleavage activity of AsCas12a variants. The assembled 
AsCas12a RNPs were titrated into dsDNA substrates (15 nM) containing the target site used 
bacterial selection with TTTC or TTTT PAM sequences. Cleavage reactions were sampled at 
various time-points and the substrate cleavage was determined by capillary electrophoresis.  
protein identity and PAM sequence of DNA substrate used in each assay are listed on the top of 
each figure. 



 

 

Supplementary Fig. 3 Measuring the intrinsic DNA binding and cleavage specificities of 
WT- and AsCas12a-Ultra by Spec-seq/SEAM-seq pair. a Library design with randomized 
region for Spec-seq/SEAM-seq. b Relative DNA binding affinity of nuclease-deactivated WT-
AsCas12a (dAsCas12a: D908A/E993A/D1235A) over DNA sequences with mismatches in the 
library over two biological replicates. c Same as (b) but for nuclease-deactivated AsCas12a-Ultra 
(dAsCas12a-Ultra: D908A/E993A/D1235A/M537R/F870L). d-e Relative cleavage activity of WT 
and Ultra over DNA sequences in the library over two biological replicates. f Comparison of 
relative DNA binding affinity between WT and Ultra for each DNA sequence in the library. g Same 
as (f) but for relative DNA cleavage activity. 
  



 

 

Supplementary Fig. 4 Ultra mutations substantially increased the activity of AsCas12a-RR 
and RVR variants. a Ultra mutations (M537R/F870L) were stacked on WT-, RR (S542R/K607R), 
and RVR (S542R/K548R/N552R) variants, and the editing efficiency of each variant was 
measured in HEK293 cells. Eleven crRNAs with optimal PAM sequence were tested for each 
variant (WT±Ultra: TTTV; RR±Ultra: TYCV; RVR±Ultra: TATV, n = 11 for each nuclease, 33 
crRNAs in total). b Knock-out efficiency of RVR and RVR-Ultra over multiple doses in primary T 
cells with one crRNA (n = 1). Data are presented as mean values +/- SD. Paired, two-tailed t-test 
was performed to evaluate statistical significance (**: P-value = 0.0024, 0.0056, and 0.0029 
respectively). Raw source data are provided in an online supplementary data file. 
  



  

Supplementary Fig. 5 Optimizing experimental conditions to achieve efficient HDR rate by 
AsCas12a-Ultra. a,b Effect of RNP dosages of WT and Ultra on HDR rate. Assembled RNPs 
were titrated in the nucleofection reaction with fixed concentration of ssODN (3 μM) as donor 
template.  Six pair of crRNA/ssODN were evaluated in human Jurkat cells. c Effect of insertion 
position within the target site of AsCas12a-Ultra on HDR efficiency. An EcoRI restriction sequence 
was inserted at various positions of the target site using ssODN (3 μM) as donor sequence. Ultra 
RNP was fixed at 2 μM in nucleofection reaction.  Data are presented as mean values +/- SD. 
Raw source data are provided in an online supplementary data file. 



 

 

Supplementary Fig. 6 In-depth activity comparison of AsCas12a-WT and Ultra in primary T 
cells targeting B2M locus. The editing efficiency of WT and Ultra over a wide range of RNP 
doses at 12 crRNAs targeting B2M locus were measured by NGS 3-days post-electroporation. 
Dose-response curves were generated to estimate the EC50 of the editing, and summarized in 
Fig. 3c. Data are presented as mean values +/- SD. Raw source data are provided in an online 
supplementary data file. 
  



 

 

Supplementary Fig. 7 Knock-in a transgene construct at B2M locus in HSCs by AsCas12a-
Ultra using AAV6 as donor template. a Knock-in efficiency of mCherry reporter transgene with 
variable MOI of AAV donor (1x105 vg/cell) at two RNP dosages. Data are presented as mean 
values +/- SD. b-d Representative result of flow cytometry to evaluate the knock-in efficiency of 
mCherry at B2M locus in NK cells with present of both AsCas12a RNP and AAV6 donor (b), or 
RNP (c) / Cell only (d). Raw source data are provided in an online supplementary data file. 

 

 



 

 

Supplementary Fig. 8 Off-target activity of AsCas12a-WT and Ultra in HEK293 cells.  
GUIDE-seq was performed for WT and Ultra over 6 crRNAs to detect any off-target tag integration.  
N/A: dataset not available. 
  



 
  



 

Supplementary Fig. 9 The expanded PAM flexibility of enCas12a is mediated by S542R. a-
d The relative DNA binding affinities of E174R (a), S542R (b), K548R (c), and enCas12a (d) over 
all 256 PAM variants in vitro. Upper left: position-specific affinity matrix logo for each AsCas12a 
variant over PAM region. Bottom right: logo for WT-AsCas12a. Although all 3 point mutations 
globally enhanced the non-specific DNA binding affinity, only S542R significantly expanded the 
PAM repertoire of AsCas12a over sequences with cytosine at 3rd position of the PAM region. e,f 
PAM preference of enCas12a defined by in vitro approach (this study) and lentivirus-based ex 
vivo approach over 57 PAM sequences covered by both studies. Normalized depletion of each 
crRNA targeting essential genes in the lentivirus-based tiling assay was calculated. The natural 
logarithm of median depletion for each PAM sequence was plotted against the relative binding 
affinity (e), and cleavage specificity (f) determined in vitro.  Highly consistent PAM preference of 
enCas12a was defined by two distinct approaches, as judged by the Spearman’s Rho. (g) The 
top 10 PAM sequences targeted by each nuclease based on the in vitro DNA binding specificity. 
Raw source data are provided in an online supplementary data file. 
  



 

Supplementary Fig. 10 Evaluating the intrinsic DNA binding and cleavage specificities of 
enCas12a and enCas12a-Ultra. a,b Comparison of relative DNA binding affinity of WT (a) or 
Ultra (b) versus enCas12a. c,d Same as (a,b) but for relative DNA cleavage activity. e,f 
Comparison of relative DNA binding and cleavage between enCas12a and enCas12a-Ultra.  Data 
are presented as mean values +/- SD. 



 

Supplementary Fig. 11 Optimizing experimental conditions to achieve efficient HDR rate 
by AsCas12a-Ultra using AAV6 as HDR donor template in primary T cells. a Editing efficiency 
of Ultra at TRAC, B2M, CIITA locus over a range of RNP dose.  Note: these specific crRNAs were 
used for the knock-in experiments. Data are presented as mean values +/- SD. b Knock-in 
efficiency of mCherry transgene using Ultra at 4 target sites in B2M locus. c Knock-in efficiency 
of fluorescent reporter transgenes at each genomic locus over a range of RNP dose with fixed 
MOI of AAV donor (1x105 vg/cell). d Knock-in efficiency of a fluorescent reporter at either TRAC 
or B2M locus across a range of MOIs. RNP dose was fixed at 1 µM. e Knock-in efficiency of 
mCherry at B2M locus with using donor templates with different length of homology arm (RNP:1 
µM; AAV MOI: 1x105 vg/cell). Data are presented as mean values +/- SD. One-way ANOVA was 
performed to evaluate statistical significance (ns: P-value > 0.05). f Knock-in efficiency of mCherry 
at B2M locus using WT or Ultra over a range of RNP dose. Data are presented as mean values 
+/- SD. g Representative result of flow cytometry for simultaneous double knock-in of fluorescent 
reporters at both TRAC and B2M loci by Ultra (RNP:1 µM; AAV MOI: 1x105 vg/cell). Raw source 
data are provided in an online supplementary data file. 



 

 

Supplementary Fig. 12 Additional optimization of knock-in condition to generate CAR-NK 
cells. a Transgene knock-in by AsCas12a-Ultra at two RNPs doses using variable MOI of AAV 
donor template. b-d Assessment of HDR rate by flow cytometry 3 or 5-days post-delivery over 
three target loci. 
  



 
  



Supplementary Fig. 13 Additional information to generate CAR-NK cells. a Phospho flow 
cytometry of TGFBR2 knock-out NK cells as compared to control unedited NK cells. NK cells 
were cultured and edited as per SOP. 72 hours post editing, NK cells were stimulated with 
10ng/mL TGF-β for indicated time, fixed and stained for pSMAD2/3 prior to interrogation by flow 
cytometry. Data are representative of 3 independent experiments with 4 unique NK cell donors. 
Error bars represent standard deviation of 3 technical replicates.  Data are presented as mean 
values +/- SD. b Flow cytometry plot of GFP knock-in with AAV6 using 2.5x104 vg/cell MOI in NK 
cells. Flow cytometry plots of RNP only and AAV only controls are shown in c and d, respectively. 
Additional information of CAR-NK cells generated by Ultra. e Representative result of flow 
cytometry to evaluate the knock-in efficiency of EGFR CAR at TRAC locus in NK cells. f Same 
as in (a), but using an AAV6 carrying GFP transgene as negative control to evaluate the specificity 
of EGFR antibody used in flow analysis. g,h Tumor killing assay of CAR-NK at effector-to-target 
cells ratios (E:T) of 1 and 4, respectively. Two-way ANOVA was performed to evaluate statistical 
significance (****: P-value ≤ 0.0001). Raw source data are provided in an online supplementary 
data file. 
  



 

Supplementary Fig. 14 Flow cytometry gating strategy for mCherry and GFP knock-in at 
TRAC and B2M locus in primary T cells. a Gating strategy for live cells and b singlets. c Flow 
cytometry analysis of TRAC-/GFP+ or d B2M-/mCherry+ cells. 
 



 

Supplementary Fig. 15 Flow cytometry gating strategy for mCherry knock-in at B2M locus 
in primary T cells. a Flow cytometry results when both RNP and AAV donor are used or b,c 
when only RNP / AAV is used in the electroporation. 
  



 

 

Supplementary Fig. 16 Flow cytometry gating strategy for GFP knock-in at B2M locus in 
primary T cells. a Flow cytometry results when both RNP and AAV donor are used, or b,c when 
only RNP / AAV is used in the electroporation. 
 

 

 

 



 

Supplementary Fig. 16 Flow cytometry gating strategy for GFP/mCherry double knock-in 
at B2M and TRAC loci in primary T cells. a Flow cytometry analysis of GFP / mCherry 
expression when both RNPs and AAV donors are used, or b,c when AAV template alone is used 
in the electroporation. d Flow cytometry analysis for B2M and TRAC expression when both RNPs 
and AAV donors are used. 

 

 



  

Supplementary Fig. 17 Flow cytometry gating strategy for GFP knock-in at TRAC locus in 
primary NK cells. a Flow cytometry analysis of GFP / TRAC expression when both RNPs and 
AAV donors are used, or b,c when either AAV template alone is used in the electroporation. 

 

 

 

 



 

Supplementary Fig. 18 Flow cytometry gating strategy for mCherry knock-in at B2M locus 
in HSCs. a Flow cytometry analysis of mCherry / B2M expression when both RNPs and AAV 
donors, or b only RNP is used. c Expression measurement of HSC cells without RNP and AAV 
donor. 
 



AsCas12a gene sequence for bacterial screen 
atgggcaagcccatccctaaccccctgttggggctggacagcaccgctcccaaaaagaaaaggaaggtgggcattcacggcgtgcctgcggccACCCAGTTCGAGGGCTTCACCAACCTGTACCAGGTGTCC
AAGACCCTGAGATTCGAGCTGATCCCCCAGGGCAAGACACTGAAGCACATCCAGGAACAGGGCTTCATCGAAGAGGACAAGGCCCGGAACGACCACTACAAAGAGCTGAAGCCCATCATCGACCGGATCTAC
AAGACCTACGCCGACCAGTGCCTGCAGCTGGTGCAGCTGGACTGGGAGAATCTGAGCGCCGCCATCGACAGCTACCGGAAAGAGAAAACCGAGGAAACCCGGAACGCCCTGATCGAGGAACAGGCCACCTAC
AGAAACGCCATCCACGACTACTTCATCGGCCGGACCGACAACCTGACCGACGCCATCAACAAGCGGCACGCCGAGATCTATAAGGGCCTGTTCAAGGCCGAGCTGTTCAACGGCAAGGTGCTGAAGCAGCTG
GGCACCGTGACCACCACCGAGCACGAAAACGCCCTGCTGCGGAGCTTCGACAAGTTCACCACCTACTTCAGCGGCTTCTACGAGAACCGGAAGAACGTGTTCAGCGCCGAGGACATCAGCACCGCCATCCCC
CACAGAATCGTGCAGGACAACTTCCCCAAGTTCAAAGAGAACTGCCACATCTTCACCCGGCTGATCACCGCCGTGCCCAGCCTGAGAGAACACTTCGAGAACGTGAAGAAGGCCATCGGCATCTTCGTGTCC
ACCAGCATCGAGGAAGTGTTCAGCTTCCCATTCTACAACCAGCTGCTGACCCAGACCCAGATCGACCTGTATAATCAGCTGCTGGGCGGCATCAGCAGAGAGGCCGGCACCGAGAAGATCAAGGGCCTGAAC
GAAGTGCTGAACCTGGCCATCCAGAAGAACGACGAGACAGCCCACATCATTGCCAGCCTGCCCCACCGGTTCATCCCTCTGTTCAAGCAGATCCTGAGCGACAGAAACACCCTGAGCTTCATCCTGGAAGAG
TTCAAGTCCGATGAGGAAGTGATCCAGAGCTTCTGCAAGTATAAGACCCTGCTGAGGAACGAGAATGTGCTGGAAACCGCCGAGGCCCTGTTCAATGAGCTGAACAGCATCGACCTGACCCACATCTTTATC
AGCCACAAGAAGCTGGAAACAATCAGCAGCGCCCTGTGCGACCACTGGGACACACTGCGGAATGCCCTGTACGAGCGGCGGATCTCTGAGCTGACCGGCAAGATCACCAAGAGCGCCAAAGAAAAGGTGCAG
CGGAGCCTGAAGCACGAGGATATCAACCTGCAGGAAATCATCAGCGCCGCTGGCAAAGAACTGAGCGAGGCCTTTAAGCAGAAAACCAGCGAGATCCTGTCCCACGCCCACGCCGCACTGGATCAGCCTCTG
CCTACCACCCTGAAGAAGCAGGAAGAGAAAGAGATCCTGAAGTCCCAGCTGGACAGCCTGCTGGGCCTGTACCATCTGCTGGATTGGTTCGCCGTGGACGAGAGCAACGAGGTGGACCCCGAGTTCTCCGCC
AGACTGACAGGCATCAAACTGGAAATGGAACCCAGCCTGTCCTTCTACAACAAGGCCAGAAACTACGCCACCAAGAAACCCTACAGCGTGGAAAAGTTTAAGCTGAACTTCCAGATGCCCACCCTGGCCAGC
GGCTGGGACGTGAACAAAGAGAAGAACAACGGCGCCATCCTGTTCGTGAAGAACGGACTGTACTACCTGGGCATCATGCCTAAGCAGAAGGGCAGATACAAGGCCCTGTCCTTTGAGCCCACCGAAAAGACC
AGCGAGGGCTTTGACAAGATGTACTACGATTACTTCCCCGACGCCGCCAAGATGATCCCCAAGTGCAGCACCCAGCTGAAGGCCGTGACCGCCCACTTTCAGACCCACACCACCCCCATCCTGCTGAGCAAC
AACTTCATCGAGCCCCTGGAAATCACCAAAGAGATCTACGACCTGAACAACCCCGAGAAAGAGCCCAAGAAGTTCCAGACCGCCTACGCCAAGAAAACCGGCGACCAGAAGGGCTACCGCGAGGCTCTGTGC
AAGTGGATCGACTTTACCCGGGACTTCCTGAGCAAGTACACCAAGACCACCTCCATCGATCTGAGCAGCCTGCGGCCCAGCTCCCAGTACAAGGATCTGGGCGAGTACTACGCCGAGCTGAACCCTCTGCTG
TACCACATCAGCTTCCAGCGGATCGCCGAAAAAGAAATCATGGACGCCGTGGAAACCGGCAAGCTGTACCTGTTCCAGATCTATAACAAGGACTTCGCCAAGGGCCACCACGGCAAGCCCAATCTGCACACC
CTGTACTGGACCGGCCTGTTTAGCCCCGAGAATCTGGCCAAGACCAGCATCAAGCTGAACGGCCAGGCCGAACTGTTTTACCGGCCCAAGAGCCGGATGAAGCGGATGGCCCATAGACTGGGCGAGAAGATG
CTGAACAAGAAACTGAAGGACCAGAAAACCCCTATCCCCGACACACTGTATCAGGAACTGTACGACTACGTGAACCACCGGCTGAGCCACGACCTGTCCGACGAAGCTAGAGCACTGCTGCCCAACGTGATC
ACAAAAGAGGTGTCCCACGAGATCATCAAGGACCGGCGGTTTACCTCCGATAAGTTCTTCTTCCACGTGCCCATCACCCTGAACTACCAGGCCGCCAACAGCCCCAGCAAGTTCAACCAGAGAGTGAACGCC
TACCTGAAAGAGCACCCCGAGACACCCATCATTGGCATCGACAGAGGCGAGCGGAACCTGATCTACATCACCGTGATCGACAGCACAGGCAAAATCCTGGAACAGAGAAGCCTGAACACCATCCAGCAGTTC
GACTACCAGAAGAAACTGGACAACCGGGAAAAAGAACGGGTGGCCGCCAGACAGGCTTGGAGCGTCGTGGGCACCATTAAGGACCTGAAGCAGGGCTACCTGAGCCAAGTGATTCACGAGATCGTGGACCTG
ATGATCCACTATCAGGCTGTGGTGGTGCTGGAAAACCTGAACTTCGGCTTCAAGAGCAAGCGGACCGGAATCGCCGAGAAAGCCGTGTACCAGCAGTTTGAGAAAATGCTGATCGACAAGCTGAATTGCCTG
GTGCTGAAAGACTACCCCGCTGAGAAAGTGGGAGGCGTGCTGAATCCCTACCAGCTGACCGACCAGTTCACCTCCTTTGCCAAGATGGGAACCCAGAGCGGCTTCCTGTTCTACGTGCCAGCCCCCTACACC
AGCAAGATCGACCCTCTGACCGGCTTCGTGGACCCCTTCGTGTGGAAAACCATCAAGAACCACGAGTCCCGGAAGCACTTCCTGGAAGGCTTTGACTTCCTGCACTACGACGTGAAAACAGGCGATTTCATC
CTGCACTTCAAGATGAATCGGAATCTGTCCTTCCAGAGGGGCCTGCCCGGCTTCATGCCTGCCTGGGATATCGTGTTCGAGAAGAATGAGACACAGTTCGACGCCAAGGGAACCCCCTTTATCGCCGGCAAG
AGGATCGTGCCTGTGATCGAGAACCACAGATTCACCGGCAGATACCGGGACCTGTACCCCGCCAACGAGCTGATTGCCCTGCTGGAAGAGAAGGGCATCGTGTTCCGGGACGGCAGCAACATCCTGCCCAAG
CTGCTGGAAAATGACGACAGCCACGCCATCGATACCATGGTGGCACTGATCCGCAGCGTGCTGCAGATGCGGAACAGCAATGCCGCCACCGGCGAGGACTACATCAATAGCCCAGTGCGGGACCTGAACGGC
GTGTGCTTCGACAGCAGATTCCAGAACCCCGAGTGGCCCATGGATGCCGACGCCAATGGCGCCTACCACATTGCCCTGAAGGGACAGCTGCTGCTGAACCATCTGAAAGAGAGCAAAGACCTGAAACTGCAG
AACGGCATCTCCAACCAGGACTGGCTGGCCTATATCCAGGAACTGCGGAACcccaaaaagaaaaggaaggtg 
Primers for Random mutagenesis 
Cpf1_PID_mut_fwd ATCAAACTGGAAATGGAACCCAGCCTGTCCTTCTACAACAAGGCCAGAAACTACGCCACC 
Cpf1_PID_mut_REV AATGATGGGTGTCTCGGGGTGCTCTTTCAGGTAGGCGTTCACTCTCTGGTTGAACTTGC 
Primers for vector linearization 
Cpf1_VecBB_PID_rev GGTGGCGTAGTTTCTGGCCTTGTTGTAGAAGGACAGGCTGGGTTCCATTTCCAGTTTGAT 
Cpf1_VecBB_PID_fwd AGCAAGTTCAACCAGAGAGTGAACGCCTACCTGAAAGAGCACCCCGAGACACCCATCATT 
PCR primers to amplify mutagenized region for Nextera sequencing 
Cpf1_PID_nextera_F CCTCTGCCTACCACCCTGAAG 
Cpf1_PID_nextera_R AGGTAGCCCTGCTTCAGGTC 
crRNA for bacterial selection  
ACATAAAACTCTTTTAGGTTA  

Supplementary Table 1 DNA sequences used in the bacterial selection of AsCas12a Ultra. 

 

 



gBlock sequence for indivudal in-vitro clevage assay 

HPRT-38346-TTTT 
CTCGGCCCAGGCTGGCCATTCCGGATGATTCTCCTACTTCCTCCTCGGAGTCCTCAAGTATCACTGTCCCCTTGCACTCCCTGTCTTTGAATCTTACTTTCCATCCTTTTTACATAAAACTC
TTTTAGGTTACCAAGCTGGACCCCACGAAGTGTTGGATATAAGAAAAACTCTGGAGAGCAGTGAGCCCAGCAGAGCCCCCCTAGGGATCTTCAGCCCCAGCCTGAAGTATTCATTATAGTCA
AAAAAGGCTGTGGTTTCACAGGTGCAGGTCCAACCCTCCTTTCTCTGCCTTGTGGCTGCCTGTCCTGGGGCAGGTTACGTTGCCCCTGGGAGCCTCTGTTTTCTGTAA 

HPRT-38346-TTTC 
CTCGGCCCAGGCTGGCCATTCCGGATGATTCTCCTACTTCCTCCTCGGAGTCCTCAAGTATCACTGTCCCCTTGCACTCCCTGTCTTTGAATCTTACTTTCCATCCTTTTCACATAAAACTC
TTTTAGGTTACCAAGCTGGACCCCACGAAGTGTTGGATATAAGGAAAACTCTGGAGAGCAGTGAGCCCAGCAGAGCCCCCCTAGGGATCTTCAGCCCCAGCCTGAAGTATTCATTATAGTCA
AGAAAGGCTGTGGTTTCACAGGTGCAGGTCCAACCCTCCTTTCTCTGCCTTGTGGCTGCCTGTCCTGGGGCAGGTTACGTTGCCCCTGGGAGCCTCTGTTTTCTGTAA 

Primers for gBlock amplification 
HPRTCF_fwd TTACAGAAAACAGAGGCTCCCAGGG 
HRPTCF_rev CTCGGCCCAGGCTGGCCATTCCGGA 
Spec-seq/SEAM-seq 
Protospacer AGGAAACTTCTGGCAGGACC 
On-target site ACTGTTTAAGGAAACTTCTGGCAGGACCAGGTCATG   
Spec-seq Library 
Lib_1 GCTATCTAGTGCTCAGTACGC(N:25252525)(N)(N)(N)TTTAAGGAAACTTCTGGCAGGACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_2 GCTATCTAGTGCTCAGTACGCACTG(N:25252525)(N)(N)(N)AGGAAACTTCTGGCAGGACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_3 GCTATCTAGTGCTCAGTACGCACTGTTTA(N:25252525)(N)(N)(N)AACTTCTGGCAGGACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_4 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGA(N:25252525)(N)(N)(N)TCTGGCAGGACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_5 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGAAACT(N:25252525)(N)(N)(N)GCAGGACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_6 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGAAACTTCTG(N:25252525)(N)(N)(N)GACCAGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_7 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGAAACTTCTGGCAG(N:25252525)(N)(N)(N)AGGTCATGagatcggaagagcacacgtctgaactccagtca 
Lib_8 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGAAACTTCTGGCAGGACC(N:25252525)(N)(N)(N)CATGagatcggaagagcacacgtctgaactccagtca 
Lib_9 GCTATCTAGTGCTCAGTACGCACTGTTTAAGGAAACTTCTGGCAGGACCAGGT(N:25252525)(N)(N)(N)agatcggaagagcacacgtctgaactccagtca 
Reverse primer for Klenow extension of Spec-seq library 
Spec-Rev TGACTGGAGTTCAGACGTGT 
Primers for NGS Library amplification (P5) 
Spec-i5-1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTAACTAGAGGCTATCTAGTGCTCAGTACGC 
Spec-i5-2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCATGCTGAGCTATCTAGTGCTCAGTACGC 
Spec-i5-3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGATGCACATCTGCTATCTAGTGCTCAGTACGC 
Spec-i5-4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATGGTTCGACGCTATCTAGTGCTCAGTACGC 
Spec-i5-5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTCGATCGCACTTCGCTATCTAGTGCTCAGTACGC 
Spec-i5-6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTATCGATAGTTGCTTGCTATCTAGTGCTCAGTACGC 
Spec-i5-7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTGATCGATCCAGTTAGGCTATCTAGTGCTCAGTACGC 
Spec-i5-8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCGATCGATTTGAGCCTGCTATCTAGTGCTCAGTACGC 
Spec-i5-9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACGATCGATACACGATCGCTATCTAGTGCTCAGTACGC 
Spec-i5-10 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTTACGATCGATAGTCCAGAGCTATCTAGTGCTCAGTACGC 
Primers for NGS Library amplification (P7) 
i7_IDT-1 CAAGCAGAAGACGGCATACGAGATACGATCAGGTGACTGGAGTTCAGACGTGT 
i7_IDT-2 CAAGCAGAAGACGGCATACGAGATTCGAGAGTGTGACTGGAGTTCAGACGTGT 
i7_IDT-3 CAAGCAGAAGACGGCATACGAGATCTAGCTCAGTGACTGGAGTTCAGACGTGT 
i7_IDT-4 CAAGCAGAAGACGGCATACGAGATATCGTCTCGTGACTGGAGTTCAGACGTGT 
i7_IDT-5 CAAGCAGAAGACGGCATACGAGATTCGACAAGGTGACTGGAGTTCAGACGTGT 
i7_IDT-6 CAAGCAGAAGACGGCATACGAGATCCTTGGAAGTGACTGGAGTTCAGACGTGT 
i7_IDT-7 CAAGCAGAAGACGGCATACGAGATATCATGCGGTGACTGGAGTTCAGACGTGT 
i7_IDT-8 CAAGCAGAAGACGGCATACGAGATTGTTCCGTGTGACTGGAGTTCAGACGTGT 
i7_IDT-9 CAAGCAGAAGACGGCATACGAGATATTAGCCGGTGACTGGAGTTCAGACGTGT 
i7_IDT-10 CAAGCAGAAGACGGCATACGAGATCGATCGATGTGACTGGAGTTCAGACGTGT 
i7_IDT-11 CAAGCAGAAGACGGCATACGAGATGATCTTGCGTGACTGGAGTTCAGACGTGT 



i7_IDT-12 CAAGCAGAAGACGGCATACGAGATAGGATAGCGTGACTGGAGTTCAGACGTGT 

Supplementary Table 2 DNA sequences used in the in vitro characterization of sequence specificity / activity of AsCas12a 
mutants 
  



Gene Assay Cas12a crRNA Cas12a 
PAM Cas9 sgRNA Forward primer Reverse primer 

A1CF 

A1CF-5-S UGGGAUGCCCCCA
ACAAAUAA TTTT 

UAAUCGGCAGUU
GUCCACAC 

acactctttccctacacgacgctcttccgatctCACCTT
CAGTAACCTTTTTCATCT 

gtgactggagttcagacgtgtgctcttccgatctTCAACA
CTATGAACCCAAACATC 

A1CF-7-S GGAUGCCCCCAAC
AAAUAAUC TTTG 

A1CF-48-
AS 

UGCCAGUGUGGAC
AACUGCCG TTTG 

A1CF-125-
AS 

AACCUGAAUCCUA
CAAGGAUU TTTC 

AADAC
L3 

AADACL3-
44-S 

CGCUUUGGGACAA
UCCCUGUG TTTC GGCAUCGUGUAC

UACCACGG 
acactctttccctacacgacgctcttccgatctGCTCAG
AATCTGTTCTATGCC 

gtgactggagttcagacgtgtgctcttccgatctGGTCTG
AGAAAATGGTTCTTACT 

ABCG2 

ABCG2-50-
S 

AUGAUCCCACUGU
AAACACAA TTTC 

ACCUGGUCUCAA
CGCCAUCC 

acactctttccctacacgacgctcttccgatctCACATT
AAAAGTGCACAGAAAACG 

gtgactggagttcagacgtgtgctcttccgatctCAGTGC
CTACCCTAAATTAATAGAA ABCG2-69-

AS 
GUGUUUACAGUGG
GAUCAUGA TTTT 

ABCG5 ABCG5-
127-AS 

UGUCUCCUGCAGG
UGGAGGCC TTTG CAUGUGGCAGAC

CGACUGAU 
acactctttccctacacgacgctcttccgatctGCTAGT
AACAGTTCTGGGTG 

gtgactggagttcagacgtgtgctcttccgatctCCCATG
AATTGAAATAGCAGC 

ABHD6 

ABHD6-34-
S 

GGUUUGAAUCCCA
CAGGCCUG TTTG 

GAUUGUCAGUUG
AGUACUGC 

acactctttccctacacgacgctcttccgatctTATTAA
CTCTGGGCTGCTGT 

gtgactggagttcagacgtgtgctcttccgatctGACATA
GGAGCAGAGCTGAAG ABHD6-80-

S 
UACAACGGCUCAA
AGAACUGC TTTG 

ABRAX
AS1 

ABRAXAS1-
55-AS 

CUGCUAUUAACAC
CAAGUAUA TTTT AAGCUGCUCUAC

UCAUCGAC 
acactctttccctacacgacgctcttccgatctCAGTGA
CTGGCCAACATTTA 

gtgactggagttcagacgtgtgctcttccgatctCTGCTT
CACAAAAACTTGCAG 

ACAT1 ACAT1-
102-AS 

CAAUCAAAUCUUC
AAGCUUUA TTTA UCAAGCUUUACC

CCACCAUA 
acactctttccctacacgacgctcttccgatctGGGTTT
GCAAAATATTTGTATTAACATT 

gtgactggagttcagacgtgtgctcttccgatctCAGTAT
TGGACATTAGATAGCATTTAT 

ACVR2
A 

ACVR2A-
24-AS 

AUUGGUUCUGUCU
UUUUCCCA TTTG ACUGGUGUUGAA

CCGUGUUA 
acactctttccctacacgacgctcttccgatctTAGGTG
CTATACTTGGTAGATCAGAAA 

gtgactggagttcagacgtgtgctcttccgatctCAGAAA
TATTCTTCCAGGTAGCAAAA 

ADAM3
0 

ADAM30-
45-AS 

ACUCGUAUGAAGU
CACCAUUC TTTG UACGAGUCAAAC

UCCCCUUC 
acactctttccctacacgacgctcttccgatctCTTTTA
ACTGCAGTAGGTAGGA 

gtgactggagttcagacgtgtgctcttccgatctGACAAT
GCTCCTTAAGTCTCTT 

ADAM7 

ADAM7-44-
S 

UUUUUCCUUUAUG
AGUUUUCC TTTC 

GCCAGUAUCAGU
ACGUGUAA 

acactctttccctacacgacgctcttccgatctTCATTG
TTTTTACCAAGGATCCAT 

gtgactggagttcagacgtgtgctcttccgatctTAAATC
ATAGGCTACAGCTGAAA 

ADAM7-63-
S 

CCUAUGGAUUUUC
AAAGAAGU TTTT 

ADAM7-
105-S 

AUCACUCCUGGUA
UAUAGAAA TTTT 

ADGRL
3 

ADGRL3-
44-AS 

CACCACGCCCCAG
AUUGGUGG TTTG UUUGAGUCCGAC

CACCAAUC 
acactctttccctacacgacgctcttccgatctCCTTCC
AACAGTTTTTCTTTGTC 

gtgactggagttcagacgtgtgctcttccgatctGATGAA
TACTCAGTCAGGGTATCA 

AGAP9 

AGAP9-13-
S 

CUUCUUUAGGUGU
UUCUUUUU TTTT 

UGGUGGUGCUGG
AGAUACCG 

acactctttccctacacgacgctcttccgatctTTCAAA
GTGCCACGTTTG 

gtgactggagttcagacgtgtgctcttccgatctCTAGCC
ACATCAGCCT AGAP9-21-

S 
GGUGUUUCUUUUU
AUUGGCAU TTTA 

AHCTF
1 

AHCTF1-
51-AS 

UCGUAUCUGUUAA
UAAAAUGG TTTA 

AAGGAUAACAUC
GUUACCAC 

acactctttccctacacgacgctcttccgatctGCAGAA
CCCACTAATACAAAGGA 

gtgactggagttcagacgtgtgctcttccgatctCACAGA
CAAGCCCTCAGATATATT 

AHCTF1-
38-S 

UUAACAGAUACGA
UAAAGACU TTTA 

AHCTF1-
89-AS 

AAUAGGUAAGUAC
AUCUUUUG TTTT 

AHCTF1-
90-AS 

UAAUAGGUAAGUA
CAUCUUUU TTTT 



AHCYL
1 

AHCYL1-9-
S 

UAAGAAGUAUCCA
AACGUGUU TTTA CGGAUCUUCUUA

AACACGUU 
acactctttccctacacgacgctcttccgatctGTCTTC
TGGCTGTTCTATAGATC 

gtgactggagttcagacgtgtgctcttccgatctTCCAGA
ATCTGTTACCTGTGAA 

AIDA AIDA-28-
AS 

UUACCAAGGUUGC
CAUCGGAA TTTA CCAAGGUUGCCA

UCGGAACC 
acactctttccctacacgacgctcttccgatctCCAGCA
TCTTTCAAACCAATTTT 

gtgactggagttcagacgtgtgctcttccgatctACTGTG
AAATGATATGGAGCTTTT 

AKAP1
0 

AKAP10-
70-S 

CAUGGAAACUUGG
UGAGUUCC TTTC AGAAGCGGGACU

AUUUCUAC 
acactctttccctacacgacgctcttccgatctCACATA
TGTACACACAAGAAAATCACATA 

gtgactggagttcagacgtgtgctcttccgatctAATAAT
AGAACTAACAGCACTCAGAATCA 

AKIRI
N1 

AKIRIN1-
40-AS 

CUCUAAUAAAAAA
GAAACAAA TTTG 

AAGAAUAUAGUC
GUUAUCAG 

acactctttccctacacgacgctcttccgatctAAGATC
TTTGTCTCTTCCCACTT 

gtgactggagttcagacgtgtgctcttccgatctCACAAG
CTTCACTCTGATTAAGAA 

AKIRIN1-
31-S 

UUAUUAGAGCAAA
UUUUUCAG TTTT 

AKIRIN1-
56-AS 

UGUUCUGAAAAAU
UUGCUCUA TTTA 

AKIRIN1-
50-S 

AGAACAUAAAACA
AGAAUAUA TTTC 

AKR1B
10 

AKR1B10-
70-AS 

GGGAAAAGGUCAU
CCCCAGAC TTTG 

GAACGUUGCUUU
UCCACCGA 

acactctttccctacacgacgctcttccgatctAGATGT
GGTATTTAGCAAGAGTCA 

gtgactggagttcagacgtgtgctcttccgatctCATGGA
TAACTGAAGATTTCTCTCC 

AKR1B10-
68-S 

CCCAAAGAUGAUA
AAGGUAAU TTTC acactctttccctacacgacgctcttccgatctAGATGT

GGTATTTAGCAAGAGTCA 
gtgactggagttcagacgtgtgctcttccgatctCATGGA
TAACTGAAGATTTCTCTCC 

AKR1B10-
99-AS 

CACCGAUGGCAUU
ACCUUUAU TTTC acactctttccctacacgacgctcttccgatctAGATGT

GGTATTTAGCAAGAGTCA 
gtgactggagttcagacgtgtgctcttccgatctCATGGA
TAACTGAAGATTTCTCTCC 

ALS2 ALS2-22-S GUUCCGGCACAUA
CUGCUGGU TTTG ACAAUGGUGUCG

CGUACAUG 
acactctttccctacacgacgctcttccgatctCGCCAA
CTGTAAAATCCTGA 

gtgactggagttcagacgtgtgctcttccgatctTAGCCC
CATTCTAGAAAATGC 

AMZ2 

AMZ2-36-
AS 

AAAAGAAAUACAU
AAAUGUAU TTTA 

AUCUUUACCCAA
GAGACUCG 

acactctttccctacacgacgctcttccgatctCATGCA
GGTGAATTACACGA 

gtgactggagttcagacgtgtgctcttccgatctAATACC
ATCTGTCAAAGAGGC 

AMZ2-24-S UGUAUUUCUUUUU
AAAUAGGG TTTA 

ANKRD
13D 

ANKRD13D-
57-AS 

CCAGAGACACGGC
CAGCUCCA TTTC CUUCGACACAAU

GCCAACGU 
acactctttccctacacgacgctcttccgatctCTCTTC
TCTCCTGCCCTTT 

gtgactggagttcagacgtgtgctcttccgatctTTGTCC
TCTGCAGTACCTG 

ANKRD
27 

ANKRD27-
56-AS 

CAGGUCUUAGUAC
CCUGCAAA TTTC 

UAGACUGGAUGC
UGCUCGAC 

acactctttccctacacgacgctcttccgatctGGTCTG
AAAATGCTCTTCCA 

gtgactggagttcagacgtgtgctcttccgatctTTCTGC
TGAGGTGGTAAATGG 

ANKRD27-
58-AS 

UCCAGGUCUUAGU
ACCCUGCA TTTT gtgactggagttcagacgtgtgctcttccgatctTTCTGC

TGAGGTGGTAAATGG 
ANKRD
45 

ANKRD45-
39-S 

AAAGUUUCCAAAC
GACCCCAG TTTC CAAAGUUUCCAA

ACGACCCC 
acactctttccctacacgacgctcttccgatctCTGAGA
ATATCTAGCAGCAACAT 

gtgactggagttcagacgtgtgctcttccgatctGTCTGT
TTGATCTCACCATCTT 

ANKRD
50 

ANKRD50-
43-S 

GAAAACCUAAAGA
AGAGAUAA TTTC 

UCGGAAGGCAUA
UAUCGUCA 

acactctttccctacacgacgctcttccgatctCGCAAA
GCTTCTTCTTGATCTAAAC 

gtgactggagttcagacgtgtgctcttccgatctGTTGAC
ATTCTCTTTGAAGATATGGT 

ANKRD50-
61-AS 

UCUCUUCUUUAGG
UUUUCGAA TTTA 

ANKRD50-
62-AS 

AUCUCUUCUUUAG
GUUUUCGA TTTT 

ANTXR
L 

ANTXRL-
63-AS 

AGCCUAAGGGAAA
GAAGGCAU TTTG GGGGGCCAACGU

UUACACCC 
acactctttccctacacgacgctcttccgatctCACATG
CATTTCAGGACACT 

gtgactggagttcagacgtgtgctcttccgatctGGTTGG
CTCGAAAGTGAC 

AP1S3 

AP1S3-9-S UCCAGCAGCUCCA
CGUAACGA TTTG 

AGAGAUUGUGCA
UCGUUACG 

acactctttccctacacgacgctcttccgatctGGGACT
GTAGCTAATCCTAAC 

gtgactggagttcagacgtgtgctcttccgatctTTCGTG
GGAAAAACTGTCTC 

AP1S3-70-
S 

CUAUUGCACAGCA
AAAAUAUA TTTT 

AP1S3-89-
AS 

UAUUUUUGCUGUG
CAAUAGAA TTTA 

AP1S3-
105-AS 

AAGGUAUGCUAGU
UUAUAUUU TTTC 



AP1S3-
110-AS 

AUUUCAAGGUAUG
CUAGUUUA TTTC 

AP3B1 

AP3B1-57-
AS 

GGUGAAUAUUUUU
GCACUAUU TTTT 

AAGCGCUUGCAC
GAAUUAGU 

acactctttccctacacgacgctcttccgatctAGCATC
ATGATAGGTACAATAATTGG 

gtgactggagttcagacgtgtgctcttccgatctTGCTAT
TGTCATATTACACCCTTTAAG AP3B1-80-

AS 
AAAUAUUGUAAAG
UUGAAAUU TTTA 

APAF1 APAF1-46-
AS 

AUCAGAAGCCCAG
AUUUGUCU TTTC UCUUUGCACACG

GUUGGAUC 
acactctttccctacacgacgctcttccgatctGGCCTT
AAGTTCATTATTCTTTCC 

gtgactggagttcagacgtgtgctcttccgatctTAGCCT
CTTCAATATTAAGTGGAA 

APOPT
1 

APOPT1-
54-AS 

AGGUAUGUAAAAG
UGAACAGG TTTC UGUAAAAGUGAA

CAGGUCGA 
acactctttccctacacgacgctcttccgatctAAAGGT
CTCAAGATTCTGCC 

gtgactggagttcagacgtgtgctcttccgatctGTTTGC
CCAGAACTGTTGATT 

ARHGA
P36 

ARHGAP36-
17-S 

UUUUUUCUCUUUC
UGUAGCUC TTTC AAGGUGUUCGGA

CGGUCAAU 
acactctttccctacacgacgctcttccgatctCAGATC
AGGGCATTGGGAT 

gtgactggagttcagacgtgtgctcttccgatctCCTCTG
CTGTCCTCTCAA 

ARL1 ARL1-22-S GAAAUGCCAAUUC
GGUCUCGG TTTG CAUGGCAACUAA

CUCUGAUU 
acactctttccctacacgacgctcttccgatctAATGAC
TGCCCCACATTTTA 

gtgactggagttcagacgtgtgctcttccgatctCTCTAG
GCCATACTGGAGAT 

ARL16 ARL16-98-
AS 

UCCUAUAGGUGGG
CACCAAUC TTTT UGCCACGAUGUC

AGUAAGAU 
acactctttccctacacgacgctcttccgatctGCCCAT
ATAGGATTACAACCC 

gtgactggagttcagacgtgtgctcttccgatctCTCTTC
AGGAGTTCACAACG 

ARL6 ARL6-26-S AAUCACAUUAUGG
GAUUGCUA TTTG UGCCACUAUUAU

CUAGCCCA 
acactctttccctacacgacgctcttccgatctCCAATA
TTTTCCATAACTTAAGGTGC 

gtgactggagttcagacgtgtgctcttccgatctGCATCT
AACAAAGATACTTACATTTGAA 

ARMCX
1 

ARMCX1-
47-S 

CUUAUAAAAUUGA
UGAUAUUC TTTC 

UUGAACUUGCCU
CUCCGGAC 

acactctttccctacacgacgctcttccgatctGGGCAA
GTGGAAAATCCAAG 

gtgactggagttcagacgtgtgctcttccgatctTTGTTA
CCCAGAGTGACCAA 

ARMCX1-
86-AS 

GGAGGUCGGGAGC
ACUCAGAA TTTT gtgactggagttcagacgtgtgctcttccgatctTTGTTA

CCCAGAGTGACCAA 

ARR3 ARR3-18-S CACCACCGGAGGC
AGGCCCUG TTTG AGUACAAUUUGC

ACCACCGG 
acactctttccctacacgacgctcttccgatctCTGGCT
AATCTCTTGGTCTCT 

gtgactggagttcagacgtgtgctcttccgatctATCAGT
GAAGAAAGGGCATCA 

ATP1B
4 

ATP1B4-
79-AS 

UCCUCCUCUUCUU
CCUCCUCC TTTC 

GACGGUGGUGCC
CAAAUCGG 

acactctttccctacacgacgctcttccgatctCACTGT
TCCAGGATGATCC 

gtgactggagttcagacgtgtgctcttccgatctCTCTGG
ATCCCACAGGTATT ATP1B4-

102-AS 
CCUCCUCUUCCUC
CUCUUCUU TTTT 

AUTS2 AUTS2-53-
AS 

CGGAGUCCAUGGC
CCCGCGUC TTTG AUGGACUCCGCA

AAAAGCGG 
acactctttccctacacgacgctcttccgatctTTTTGT
GTGGCTGCGG 

gtgactggagttcagacgtgtgctcttccgatctCTTGTC
GGAGCCCGAC 

BANF1 

BANF1-16-
S 

UUUGGGAUUCCUA
GAUUAAGC TTTT 

CCAAAAGCACCG
AGACUUCG 

acactctttccctacacgacgctcttccgatctTCTTAC
TATGAGATTGCTCGTGG 

gtgactggagttcagacgtgtgctcttccgatctACACCT
TGTCAAAACCCCTTTC 

BANF1-58-
AS 

GGAGGUUGUCAUC
UUGAUCAG TTTG gtgactggagttcagacgtgtgctcttccgatctACACCT

TGTCAAAACCCCTTTC 

BBOX1 

BBOX1-27-
AS 

UUGAGGGUGGAGA
GCCACUUG TTTC 

ACCGGAGCAUCU
GACAAACC 

acactctttccctacacgacgctcttccgatctCAGCTA
CCCACTTTGGATTTT 

gtgactggagttcagacgtgtgctcttccgatctGTCCTC
AGTTGGGAACTATTT 

BBOX1-80-
AS 

AAACUUCUCCUGG
UUUGUCAG TTTG 

BBOX1-90-
AS 

CCAAGUUUUGAAA
CUUCUCCU TTTC 

BBOX1-91-
AS 

CCCAAGUUUUGAA
ACUUCUCC TTTT 

BBOX1-
122-S 

AUGGGUGAGUCAC
CAAAUGGU TTTT 

BLOC1
S1 

BLOC1S1-
44-AS 

UGGGGAGAGGGGG
AAAAGGAA TTTC 

GAUCCACCAAAG
CUUCUGUC 

acactctttccctacacgacgctcttccgatctCAACTA
GCAGAATAGTAATGGATGG 

gtgactggagttcagacgtgtgctcttccgatctGAGGAA
ACTGATGTTGATAAGAGGT 

BLOC1S1-
32-S 

CCCCUCUCCCCAG
AAAAGAGG TTTC gtgactggagttcagacgtgtgctcttccgatctGAGGAA

ACTGATGTTGATAAGAGGT 

BLVRA BLVRA-11-
S 

GCGUGGUGGUGGU
UGGUGUUG TTTG ACACGAAGCCAA

UCAGGUUC 
acactctttccctacacgacgctcttccgatctCCTACA
GTGTTTTCAGACTCCA 

gtgactggagttcagacgtgtgctcttccgatctCTGGGC
TTTCCATGAATTATGAA 



BMT2 BMT2-59-S CGCUCCUGCUCCC
GGGGCGGC TTTC UGGUGAAGAGCG

UCCACCGG 
acactctttccctacacgacgctcttccgatctTTCCTC
CCTCACTCAGC 

gtgactggagttcagacgtgtgctcttccgatctGCCGAA
ATACTGCTCGT 

BOLL 

BOLL-44-
AS 

AAAAAGGAUUUCC
AUCUAUUA TTTA 

GGUGGGACCGAA
GUUACCUC 

acactctttccctacacgacgctcttccgatctGGTTGA
TGTGTGTTATTATTTGTAATTAT 

gtgactggagttcagacgtgtgctcttccgatctCTAACA
ACTTCAACTGGATATCCTTATA BOLL-44-S UAAAUGAAAUUAC

UUACAGGC TTTT 

BOLL-46-S AAUGAAAUUACUU
ACAGGCCA TTTA 

BRAF 
BRAF-28-S GGAUUACUUACUC

AAGUUGGU TTTT 
GAACUUCUGUAC
UACAACGC 

acactctttccctacacgacgctcttccgatctCCTCAC
AGACTTTTAGACATCGTAG 

gtgactggagttcagacgtgtgctcttccgatctTCACCT
TAGCATTTTGTGACTTTT 

BRAF-29-S GAUUACUUACUCA
AGUUGGUC TTTG 

BRD8 
BRD8-66-S CUGCUUGACGAGC

UAGAACAU TTTA 
CCGGAGGUUACC
CACUGUGA 

acactctttccctacacgacgctcttccgatctCTCTTC
CATAGTGGTTGGAGT 

gtgactggagttcagacgtgtgctcttccgatctCTGCTT
TAGTAATGCAACATACCT BRD8-87-

AS 
AUGUUCUAGCUCG
UCAAGCAG TTTT 

BRDT BRDT-89-
AS 

AAAACUACAACAA
ACUUACUU TTTA UUCUCCCUUGAA

CGUGGUAC 
acactctttccctacacgacgctcttccgatctCGCAAC
AGAAAAAGTATTTAAGCAG 

gtgactggagttcagacgtgtgctcttccgatctTTGCTA
GACGCTGAAGACTAATTTT 

BRIX1 BRIX1-57-
AS 

CUCUUGGUUGCCG
CCAUCUUG TTTC GCAACCAAGAGG

AAACGGCG 
acactctttccctacacgacgctcttccgatctGAGCCG
CCGAACCATA 

gtgactggagttcagacgtgtgctcttccgatctCGGCTC
CGCATCTATTTC 

BTN3A
1 

BTN3A1-
32-AS 

CAGGCCGAGGAGG
GAACUUCU TTTC GAGGGAACUUCU

GAUGGUAC 
acactctttccctacacgacgctcttccgatctAGTAGC
AGCATCTGTGATCAT 

gtgactggagttcagacgtgtgctcttccgatctAGGTTG
ACTGCAGACACTAA 

BUD23 BUD23-54-
AS 

CUUUGGCACUGUU
AGGGUAGU TTTG GUAGUCUACCAC

CAUGCCAC 
acactctttccctacacgacgctcttccgatctGCTGCC
TTTCTTTCCTCA 

gtgactggagttcagacgtgtgctcttccgatctGCTATG
CCACTACCCTCC 

C10or
f111 

C10orf111
-8-S 

AAAUGUUAUUCGG
CCGCUUCA TTTA UCGGAGUCGCUG

CAAAGUCG 
acactctttccctacacgacgctcttccgatctGTCTTC
TAAGTTCTGGCCAA 

gtgactggagttcagacgtgtgctcttccgatctGAATAT
CCCGTCCAGTGTC 

C10or
f67 

C10orf67-
62-AS 

CUCCUCCUUGAGG
GGGACCUU TTTC GGGGGACCUUUG

GCACACGC 
acactctttccctacacgacgctcttccgatctTGAATT
CCCGAGCTTCTCG 

gtgactggagttcagacgtgtgctcttccgatctGATCGC
AGGGCTCATTATGT 

C16or
f82 

C16orf82-
28-S 

CUCGAGGGAGAAA
AAGGGGAA TTTT AUCCUCUGUCCA

GAAUGAGC 
acactctttccctacacgacgctcttccgatctTCACAG
CCAACATTCAGAG 

gtgactggagttcagacgtgtgctcttccgatctGCTCTA
AGCTGGGTGACT 

C17or
f102 

C17orf102
-37-AS 

GCAGCCGCUCUUC
CAGAGGCG TTTT AAGGAUGCACGC

UCCCCACC 
acactctttccctacacgacgctcttccgatctTGATTC
CCAGCCAGTG 

gtgactggagttcagacgtgtgctcttccgatctCGTTTC
TCCAGGGTAGA 

C1D C1D-31-AS UUGUUGUAUUCCU
GAGGUUUG TTTG AACCCAAGGAGU

UAAUCCUA 
acactctttccctacacgacgctcttccgatctGCTCAC
TTTCATAATTTCAACTCGAATT 

gtgactggagttcagacgtgtgctcttccgatctCATTCA
CCATTTTATTCCATGAAATTTTT 

C1orf
61 

C1orf61-
69-S 

ACUCACCGCCCGG
GAGCUGUC TTTC UCUAUCGUCCAC

ACGGAGGA 
acactctttccctacacgacgctcttccgatctCAAAGC
TGACTGCAAACAATT 

gtgactggagttcagacgtgtgctcttccgatctTCTCTT
CCCTTTAGCTTCTCAC 

C1orf
68 

C1orf68-
27-AS 

GAUGUAGGUCAUC
UGGCAGGG TTTT CACCCUGGACAU

AGCACGUC 
acactctttccctacacgacgctcttccgatctCAACCT
ATGTAAAATGCCCAA 

gtgactggagttcagacgtgtgctcttccgatctCTTGCA
GGAGCTTGAACATA 

C2orf
16 

C2orf16-
26-AS 

GGGUCAACCCCAC
AGAUUUCU TTTG GGGUUGACCCCA

AAGCUAAC 
acactctttccctacacgacgctcttccgatctCAGAAT
CTTCAGAAATGGCACAA 

gtgactggagttcagacgtgtgctcttccgatctATTTTG
GTACCTGAAGATCTGG 

C2orf
74 

C2orf74-
22-AS 

CUGCCUUGGAAAC
UGAAAACA TTTC 

CCUUGUACAGAU
GCAAACGG 

acactctttccctacacgacgctcttccgatctCACCTT
AAAATCAGGGCCATT 

gtgactggagttcagacgtgtgctcttccgatctATTGCT
TGTCACCACTTTGG C2orf74-

8-S 
AGUUUCCAAGGCA
GGAAAGGU TTTC 

Supplementary Table 3 Genomic targets used to compare the activity of WT and AsCas12a Ultra in HEK293 and Jurkat cells. 
  



Assay AsCas12a crRNA LbCas12a crRNA 

HPRT 38104-S uaauuucuacucuuguagaucuuggguguguuaaaagugacca uaauuucuacuaaguguagaucuuggguguguuaaaagugacca 

HPRT 38115-AS uaauuucuacucuuguagauacacacccaaggaaagacuau uaauuucuacuaaguguagauacacacccaaggaaagacuauga 

HPRT 38228-S uaauuucuacucuuguagauuaauuaacagcuugcuggugaaa uaauuucuacuaaguguagauuaauuaacagcuugcuggugaaa 

HPRT 38330-AS uaauuucuacucuuguagaugguuaaagaugguuaaaugau uaauuucuacuaaguguagaugguuaaagaugguuaaaugauug 

   

T7EI primer  

HPRT-FWD AAGAATGTTGTGATAAAAGGTGATGCT  

HPRT-RWD ACACATCCATGGGACTTCTGCCTC  

Supplementary Table 4 Genomic targets used to compare the activity of LbCas12a and AsCas12a Ultra in HEK293 cells at 
lower temperature. 
  



Name PAM crRNA Sequence 
Cpf1 HPRT 38094-S 

TTTV 

auagucuuuccuugggugugu 
Cpf1 HPRT 38104-S cuuggguguguuaaaagugac 
Cpf1 HPRT 38115-AS acacacccaaggaaagacuau 
Cpf1 HPRT 38146-AS auccgugcugaguguaccaug 
Cpf1 HPRT 38164-AS uaaacacuguuucauuucauc 
Cpf1 HPRT 38164-S gaaacgucagucuucucuuuu 
Cpf1 HPRT 38186-S uaaugcccuguagucucucug 
Cpf1 HPRT 38228-S uaauuaacagcuugcugguga 
Cpf1 HPRT 38330-AS gguuaaagaugguuaaaugau 
Cpf1 HPRT 38343-S ugugaaauggcuuauaauugc 
Cpf1 HPRT 38455-S guuguuggauuugaaauucca 
HPRT_Cpf1_TATV_1 

TATV 

gggauuacuaggaaggggcag 
HPRT_Cpf1_TATV_2 aaauggagagcuaaauuaugg 
HPRT_Cpf1_TATV_3 uuauaugucacauuuuguaau 
HPRT_Cpf1_TATV_4 ugucacauuuuguaauuaaca 
HPRT_Cpf1_TATV_5 ucacauuuuguaauuaacagc 
HPRT_Cpf1_TATV_6 agccagacuguaagugaauua 
HPRT_Cpf1_TATV_7 caacacuucgugggguccuuu 
HPRT_Cpf1_TATV_8 ugaaauggcuuauaauugcuu 
HPRT_Cpf1_TATV_9 auugcuuagagaauauuugua 
HPRT_Cpf1_TATV_10 uaaaugaugaauuaugauucu 
HPRT_Cpf1_TATV_11 auucuuuuuaguuguuggauu 
HPRT_Cpf1_TYCV_1 

TYCV 

uaguaauccccauaauuuagc 
HPRT_Cpf1_TYCV_2 cauaauuuagcucuccauuuc 
HPRT_Cpf1_TYCV_3 uuucauagucuuuccuugggu 
HPRT_Cpf1_TYCV_4 uagucuuuccuuggguguguu 
HPRT_Cpf1_TYCV_5 uuggguguguuaaaagugacc 
HPRT_Cpf1_TYCV_6 uuucauccgugcugaguguac 
HPRT_Cpf1_TYCV_7 uccgugcugaguguaccaugg 
HPRT_Cpf1_TYCV_8 ugcugaguguaccauggucac 
HPRT_Cpf1_TYCV_9 ccagcaagcuguuaauuacaa 
HPRT_Cpf1_TYCV_10 acacuucgugggguccuuuuc 
HPRT_Cpf1_TYCV_11 cuuacagucuggcuuauaucc 

Supplementary Table 5 Genomic targets used to compare the editing efficiency of AsCas12a RR and RVR variants ± Ultra 
mutations. 
  



Gene Assay crRNA PAM Donor sequence 

ALDH2 

ALDH21203-S CUUACAAUACUGGUAGUCAGU TTTC T*G*CTTTTTCTTGTTTTTTTTTTTCCTTACAATACTGGTAGGAATTCTCAGTATTAGGTTGACAGCTGGTCCTGAGAACTTCTTTCCTTC*T*C 

ALDH2169-S CUGAGUGAGUGAAGUAAUAAU TTTG T*C*GCAGGTGTTCATTAAGTGTTTGCTGAGTGAGTGAAGTAGAATTCATAATCTAGGGCTGGGCATGGTGACTCACACCTGCAATCCCAG*G*A 

ALDH2299-AS UUGUAGAGAUGAGGUCCCUCU TTTC G*T*TCTTTTATTTACCTATTGTTTTTTGTAGAGATGAGGTCGAATTCCCTCTATATTACCCAGGCTGTCTTGAACTCCACTCAAGAGATC*G*A 

ALDH2994-S UUACACAGCAAUGGAUAACUA TTTG G*C*TGCTAAGTTGTGGGCTGTTTTGTTACACAGCAATGGATGAATTCAACTAACACATGAGGCCTGGCGAGCACAGAGCAAAGCTGCCCA*G*G 

APOC 

APOC1198-AS UCAAAGUAUCAGCAAACUUAU TTTA T*G*TTGTGCAGCACCTAACAGTTTATCAAAGTATCAGCAAAGAATTCCTTATTGTCCTGTTTGACCTTCCGCACAAAGCTGTCAAGGAAG*G*C 

APOC639-S GGGGCUGGGUGACCGAUGGCU TTTA C*T*GTTGCTTCCCCTGACTGATTTAGGGGCTGGGTGACCGAGAATTCTGGCTTCAGTTCCCTGAAAGACTACTGGAGCACCGTTAAGGAC*A*A 

APOC668-AS AGGGAACUGAAGCCAUCGGUC TTTC T*T*AACGGTGCTCCAGTAGTCTTTCAGGGAACTGAAGCCATGAATTCCGGTCACCCAGCCCCTAAATCAGTCAGGGGAAGCAACAGAGCA*G*G 

APOC921-AS UUGGGAGGCCAGCAUGCCUGG TTTA A*T*AGCAGCTTCTTGTCCAGCTTTATTGGGAGGCCAGCATGGAATTCCCTGGAGGGGGGCCAGGCATGAGGTGGGGTAGGAGAGCACTGA*G*A 

AR 

AR1407-AS AGGUCAGCGGAGCAGCUGCUU TTTA C*T*GGCCTCGCTCAGGATGTCTTTAAGGTCAGCGGAGCAGCGAATTCTGCTTAAGCCGGGGAAAGTGGGGCCCAGCAGGGACAACGTGGA*T*G 

AR454-AS GCUACUGAAGACCUGACUGCC TTTG T*G*TTTTTGTTTGTTTTGTTTTTTGGCTACTGAAGACCTGAGAATTCCTGCCTTTTCATCTTTTGATCTCTGGCTCCGCACTCGGGGTGG*G*G 

AR490-AS UUUCGGCUUUUUUGUUUUUGU TTTA C*T*GAGTTATTATCTTTTTCTTTTATTTCGGCTTTTTTGTTGAATTCTTTGTTTGTTTTGTTTTTTGGCTACTGAAGACCTGACTGCCTT*T*T 

AR710-S CGUGGUUGCUCCCGCAAGUUU TTTG T*T*GAGGCTGTCAGAGCGCTTTTTGCGTGGTTGCTCCCGCAGAATTCAGTTTCCTTCTCTGGAGCTTCCCGCAGGTGGGCAGCTAGCTGC*A*G 

BCAT 

BCAT1172-AS ACAGUGAAAAGAUCGUUCUCC TTTA G*T*TTTATATGCGATTGCAGTTTTCCAGTGTGTGAAACTAGGAATTCGAAAACAAAACACTCAACGGTGTACATCCCTACACCTAAATAG*T*C 

BCAT1396-AS CAGUGUGUGAAACUAGGAAAA TTTC T*A*AAACCCGAAGAGCAACTTTTTCCAAGGAAAGTGAAGGAGAATTCTGGGCAGATATTCTTGCCATCTAACATTTTGGAATTGAGATGA*C*C 

BCAT1440-S CAAGGAAAGUGAAGGAUGGGC TTTC T*C*CCTCCCCTGCTTGTGAAGTTTGGAAAGGAAGTGAGGGCGAATTCTTCTCTCAGTTTCTCCTATGCACAGGAGGTGGGGAATTTTGGA*G*A 

BCAT989-S GAAAGGAAGUGAGGGCUUCUC TTTG A*A*TAAGAGGGGCCTTCTGCTTTTAACAGTGAAAAGATCGTGAATTCTCTCCCTCCCCTCTCCACCCGGGTCAACTCTTCCAGCCGCTCC*C*T 

BCL2 

BCL21031-AS AUGAGGCACGUUAUUAUUAGU TTTC C*A*ATTCCTTTCGGATCTTTATTTCATGAGGCACGTTATTAGAATTCTTAGTAAGTATTGTTAATATCAGTCTACTTCCTCTGTGATGCT*G*A 

BCL21058-AS UUCCAAUUCCUUUCGGAUCUU TTTA G*G*CATGAGATGCAGGAAATTTTTATTCCAATTCCTTTCGGGAATTCATCTTTATTTCATGAGGCACGTTATTATTAGTAAGTATTGTTA*A*T 

BCL2636-AS AAACUUCCCAAUGAAUCAGGA TTTG C*A*CTCTCCAGTTATAGCTGATTTGAAACTTCCCAATGAATGAATTCCAGGAGTCGCGGGGAGAGGGAGTAAAAATTAGGAGGATTTCCA*G*A 

BCL2922-AS CCUGUACACACUGAGUGAAAG TTTC T*A*AGTAAAAAATCAGGTGCGTTTCCCTGTACACACTGAGTGAATTCGAAAGCAGGGCATACACACTACAAGTAACACGGCTAAAAAGAA*T*G 

C5 

C5245-AS GCACUAUGAAGAGUGGCUCAA TTTG A*A*GGGACCCTAAAATGGGAATTTGGCACTATGAAGAGTGGGAATTCCTCAAAGCTAGAAACCAGTAAGCCCATTGCTTTGGCCTTTCTT*C*T 

C5450-S AAAGGAGACUAUCCUCAAAAG TTTA A*A*TTCTTCAAGTTCAGTTTATTTAAAAGGAGACTATCCTCGAATTCAAAAGTGTTATATCCGTGGTTTCCTGCTACCTCCAACCATGGG*C*C 

C5562-AS CUCCUGUCCCCAGGUUUUCCC TTTG G*A*TAGCTTGTTTTACTTACGTTTGCTCCTGTCCCCAGGTTGAATTCTTCCCCAGGAAGATTAAAAAACAAAGTATTCCCAAAAGGCCCA*T*G 

C5729-S AUUUGAUGAGUAGCUAACAAC TTTG T*G*AGAAAGTCATGGAAGCATTTTGATTTGATGAGTAGCTAGAATTCACAACATGACAGCTTTTATGGAATTGTTATTTATTAAAATTTA*C*G 

CTNNB1 

CTNNB1113-S CCCUCCCUGGCUUUUAUUAUU TTTC A*G*CTGATTTTTGAATAGTGTTTTCCCCTCCCTGGCTTTTAGAATTCTTATTACAACTCTGTGCTTTTTCATCACCATCCTGAATATCTA*T*A 

CTNNB11210-AS GUUCUCAAAACUGCAUUCUGA TTTA A*A*ACTATTATACACTAACTTTTTAGTTCTCAAAACTGCATGAATTCTCTGACTTTCAGTAAGGCAATGAAAAATAATACTCTTACCAGC*T*A 

CTNNB11293-S GGAUAGCAAAUACUUAGGUAA TTTA T*A*GCAATGTCACTTTTACCATTTAGGATAGCAAATACTTAGAATTCGGTAAATGCTGAACTGTGGATAGTGAGTGTTGAATTAACCTTT*T*C 

CTNNB1803-S UUGGCUGUCUUUCAGAUUUGA TTTC A*C*CCTGGCTATCATTCTGCTTTTCTTGGCTGTCTTTCAGAGAATTCTTTGACTTTATTTCTAAAAATATTTCAATGGGTCATATCACAG*A*T 

CYP27A1 CYP27A1131-AS GAAUUAUAGAAUCACCAAAAU TTTA G*A*AATCCCATACTCCTAGAATTTAGAATTATAGAATCACCGAATTCAAAATCTCAAGTGACAGAATCTTAGAATCCCCAAACCAGAATC*T*C 



CYP27A1600-S CUACAUCCUGUUCGAGAAACG TTTG C*T*CTGTGCACTACTCAGCTATTTGCTACATCCTGTTCGAGGAATTCAAACGCATTGGCTGCCTGCAGCGATCCATCCCCGAGGACACCG*T*G 

CYP27A1791-S GUGAGGACUCCCAGAUGGGGC TTTG G*T*TGGAATGCCATCTTTTCCTTTGGTGAGGACTCCCAGATGAATTCGGGGCCCAGGGAAGAGAGATGGGGGTGACTCCAGGTCTGTGCA*T*C 

CYP27A1961-S ACAGGGAAGAAGCUGAUUGAU TTTC C*C*TTTCCTCTTCTCTGTTGCTTTCACAGGGAAGAAGCTGAGAATTCTTGATGAGAAGCTCGAAGATATGGAGGCCCAACTGCAGGCAGC*A*G 

CYP7A1 

CYP7A1139-S UAAUAGAAUGAACAAAUGGCU TTTC C*A*GTTACTACCACTTTTTTTTTTCTAATAGAATGAACAAAGAATTCTGGCTAATTGTTTGCTTTGTCAACCAAGCTCAAGTTAATGGAT*C*T 

CYP7A1441-S CCUUCAUUUUUAUACAGUAAA TTTA T*G*ATTCATCCATTTAATTTTTTTACCTTCATTTTTATACAGAATTCGTAAATTTGGTTTTCTATACTTACACATATTAGCATTATCTTC*C*T 

CYP7A1512-AS AUUUAAAAAAUAAGGAAGAUA TTTC T*T*AAAAATTCAAATCAAATTTTTCATTTAAAAAATAAGGAGAATTCAGATAATGCTAATATGTGTAAGTATAGAAAACCAAATTTACTG*T*A 

CYP7A1591-S GUAUUGGCAUAUACCGAUGGU TTTA G*A*CATATGACAGCTTCCCTTTTTAGTATTGGCATATACCGGAATTCATGGTAATATATAAATGTATATTGGTGTTAAACATAACTGACA*G*A 

DICER 

DICER33497-AS CUUAGGAAAGUGUCUGUAAAC TTTC T*C*TTCACATAGTGCATGTATTTTCCTTAGGAAAGTGTCTGGAATTCTAAACAATAAAAATTTCCTGTGCAGCTCCTCTTGCTCATGTTT*G*A 

DICER33625-S AAAGCGUUGAGUGGUAUAAUA TTTG A*A*CCATATGAGCGACAGCAGTTTGAAAGCGTTGAGTGGTAGAATTCTAATAATAGAAATCAGGATAATTATGTGTCATGGAGTGATTCT*G*A 

DICER33765-S UGCGGAAUUAUUUUUGUGGAA TTTG C*C*TTCTCCTTTTACCAACATTTTGTGCGGAATTATTTTTGGAATTCTGGAAAGAAGATACACAGCAGTTGTCTTAAACAGGTAAATCTG*T*A 

DICER33781-S UGGAAAGAAGAUACACAGCAG TTTG A*C*ATTTTGTGCGGAATTATTTTTGTGGAAAGAAGATACACGAATTCAGCAGTTGTCTTAAACAGGTAAATCTGTAAGTTGACTCCTTTC*A*C 

EGFR 

EGFR1320-AS UCAUGGGCAGCUCCUUCAGUC TTTC C*C*AGCCTCTCACCCTGTAAATTTCTCATGGGCAGCTCCTTGAATTCCAGTCCGGTTTTATTTGCATCATAGTTAGATAAGACTGCTAAG*G*C 

EGFR439-S CCAGCUAAUGUCAAGUAAUAA TTTA G*A*GTTTTATGAGAAAGCCATTTTACCAGCTAATGTCAAGTGAATTCAATAACTAGAAAAGGATATCAAATAGAAACAGGCTAATCTGGA*G*T 

EGFR461-AS UAGUUAUUACUUGACAUUAGC TTTC C*T*GTTTCTATTTGATATCCTTTTCTAGTTATTACTTGACAGAATTCTTAGCTGGTAAAATGGCTTTCTCATAAAACTCTCGTTTGTAGC*T*C 

EGFR759-S GAUGGGGUUUACUUAGCCUUC TTTG G*C*TTCAGAGTTTCACTGAATTTTGGATGGGGTTTACTTAGGAATTCCCTTCTTCTGTTTTTCTTTTACCTTTCCTTTTTAAATAAGAAA*T*A 

EMX1 

EMX110685-S CAGCUAUCAGCUAUUUGUCAA TTTC C*C*AGGCAAGCTTACCTGTCATTTCCAGCTATCAGCTATTTGAATTCGTCAAGCATCAGTCACCCCCAACAGCCCCCCTGCCATGCATTT*C*T 

EMX110839-AS AUGAGAGCAGACAGAAGUAUA TTTA A*G*CCAGTTTTGGGGAGGCAGTTTAATGAGAGCAGACAGAAGAATTCGTATATGGCTAGATGTAAAACAGCTACGGGGTGGGACAGATTA*G*A 

EMX110875-S CGAUUUUCUAUUAGUUAUAUG TTTC C*C*AAAACTGGCTAATTTATATTTCCGATTTTCTATTAGTTGAATTCATATGTTCTTCCTAACAATAAGAACTATTTACCCATTTGTTCA*T*T 

EMX110955-S CCUUCUGUGUUUCCACCAUUC TTTA T*C*ATTATCTTTGTCATCTATTTTACCTTCTGTGTTTCCACGAATTCCATTCATCTCAAACTTCATCTCCATAGAGCTATTTCGCAACTG*A*C 

EMX117707-AS UGGUUGCCCACCCUAGUCAUU TTTG C*A*GCACTCTGCCCTCGTGGGTTTGTGGTTGCCCACCCTAGGAATTCTCATTGGAGGTGACATCGATGTCCTCCCCATTGGCCTGCTTCG*T*G 

EMX117983-S UUUUGAUGCAUUUCUGUUUUA TTTG T*C*CGTGTCTCCAATCTCCCTTTTGTTTTGATGCATTTCTGGAATTCTTTTAATTTATTTTCCAGGCACCACTGTAGTTTAGTGATCCCC*A*G 

EMX118014-S CAGGCACCACUGUAGUUUAGU TTTC G*C*ATTTCTGTTTTAATTTATTTTCCAGGCACCACTGTAGTGAATTCTTAGTGATCCCCAGTGTCCCCCTTCCCTATGGGAATAATAAAA*G*T 

EMX118033-S GUGAUCCCCAGUGUCCCCCUU TTTA T*T*TTCCAGGCACCACTGTAGTTTAGTGATCCCCAGTGTCCGAATTCCCCTTCCCTATGGGAATAATAAAAGTCTCTCTCTTAATGACAC*G*G 

ERBB2 

ERBB2468-S AAUUAAAGUUCCCGGAUUUUU TTTA C*T*CCGCTGAAGTCCACACAGTTTAAATTAAAGTTCCCGGAGAATTCTTTTTGTGGGCGCCTGCCCCGCCCCTCGTCCCCCTGCTGTGTC*C*A 

ERBB2579-AS CUCAUUAACCCAUCAGGCGUC TTTG G*A*TCATGGAAAACACTTCAGTTTGCTCATTAACCCATCAGGAATTCGCGTCCGCCTTCCCTTAACCCTATCGCCTCGATATATGGACAC*A*G 

ERBB2612-S AGGUAGGGCUGUUUACUGUCA TTTG A*A*GTGTTTTCCATGATCTTTTTTGAGGTAGGGCTGTTTACGAATTCTGTCACCACCCCTGTCGGATTTTACTTCCTAAACGTACCTGTA*A*C 

ERBB2627-S CUGUCACCACCCCUGUCGGAU TTTA T*C*TTTTTTGAGGTAGGGCTGTTTACTGTCACCACCCCTGTGAATTCCGGATTTTACTTCCTAAACGTACCTGTAACTATCCACTTCTCT*C*C 

G6PC 

G6PC177-S GGGGACCAGGAGGGCAGACCC TTTC G*T*CCTGTGTCTCTGGCCTGGTTTCGGGGACCAGGAGGGCAGAATTCGACCCTTGCACTGCCAAGAAGCATGCCAAAGTTAATCATTGGC*C*C 

G6PC753-S AGUGGUAAGAACCAUAUAGAG TTTA G*A*GACTGGCTCAACCTCGTCTTTAAGTGGTAAGAACCATAGAATTCTAGAGAGGAGATCAGCAAGAAAAGAGGCTGGCATTCGCTCTCG*C*A 

G6PC923-AS UGUCUUCCCCCUUUAUGUAGA TTTC T*C*AACTCACTGGTAGGATTTTTTCTGTCTTCCCCCTTTATGAATTCGTAGATGATCCAAAGTCAGAGAGAGGGGTTGGAAGCATGAGTA*G*C 



G6PC945-AS AACUCACUGGUAGGAUUUUUU TTTC T*G*AAATAGGCTTTCCTGTATTTTCAACTCACTGGTAGGATGAATTCTTTTTCTGTCTTCCCCCTTTATGTAGATGATCCAAAGTCAGAG*A*G 

GCK 

GCK1282-S CUGUGAAACACUGGGGGGAAU TTTG G*A*GAGCTGGAGACAGGGGACTTTGCTGTGAAACACTGGGGGAATTCGGAATGTGCCTGCATCACCCCAGCTGGGGGCCCAGGCAGAGTG*G*G 

GCK1284-AS ACAGCAAAGUCCCCUGUCUCC TTTC C*A*GGCACATTCCCCCCAGTGTTTCACAGCAAAGTCCCCTGGAATTCTCTCCAGCTCTCTCCTTGCTCACTGCTGGGCTCAGGGCTGGCT*C*A 

GCK526-AS AUUGUUCUCCAACGAGUCGGC TTTC T*T*CAGTCACAGTTTCCTCCTTTTCATTGTTCTCCAACGAGGAATTCTCGGCAAGCATTCCCTTCTGGACCCTTCCTCACTGAGCCTGGA*T*G 

GCK560-AS GGGUUUGAGGUUCAGUCACAG TTTG T*G*TGGTTCTCCTCGGGCTGGTTTGGGGTTTGAGGTTCAGTGAATTCCACAGTTTCCTCCTTTTCATTGTTCTCCAACGAGTCGGCAAGC*A*T 

GYS2 

GYS21201-S GGAAGAUGUAUAUGUGAUUAG TTTA A*G*TATAATTAAACATTTTATTTTAGGAAGATGTATATGTGGAATTCATTAGAACCAGTTGGAAACCTCAACTCTACATTCTGTTAGTAA*T*T 

GYS21337-AS CCUUUUGAGAAGCUCCUGAAU TTTG T*T*CTGAAAGGAGCACAGTATTTTGCCTTTTGAGAAGCTCCGAATTCTGAATTAAAACATTAATTCCAAGCTAATTGTGAATATGAAACA*T*T 

GYS2950-AS CUCACUCACUAGCAAUUGGUU TTTC T*A*TATATTCCGTTTAAATGCTTTCCTCACTCACTAGCAATGAATTCTGGTTATCACTAGAGAGTTATCTGTGAAATCTTACTCTACATT*C*C 

GYS2959-AS AAUGCUUUCCUCACUCACUAG TTTA T*A*GCCTAAATATATATTCCGTTTAAATGCTTTCCTCACTCGAATTCACTAGCAATTGGTTATCACTAGAGAGTTATCTGTGAAATCTTA*C*T 

HPRT 

HPRT 38115-AS ACACACCCAAGGAAAGACUAU TTTA C*T*GAGTGTACCATGGTCACTTTTAACACACCCAAGGAAAGGAATTCACTATGAAATGGAGAGCTAAATTATGGGGATTACTAGGAAGGG*G*C 

HPRT 38228-S UAAUUAACAGCUUGCUGGUGA TTTG C*T*GTATGTTATATGTCACATTTTGTAATTAACAGCTTGCTGAATTCGGTGAAAAGGACCCCACGAAGTGTTGGATATAAGCCAGACTGT*A*A 

HPRT 38330-AS GGUUAAAGAUGGUUAAAUGAU TTTA G*C*CATTTCACATAAAACTCTTTTAGGTTAAAGATGGTTAAGAATTCATGATTGACAAAAAAAGTAATTCACTTACAGTCTGGCTTATAT*C*C 

HPRT38082-S GCUCUCCAUUUCAUAGUCUUU TTTA C*T*TCCTAGTAATCCCCATAATTTAGCTCTCCATTTCATAGGAATTCTCTTTCCTTGGGTGTGTTAAAAGTGACCATGGTACACTCAGCA*C*G 

HPRT38146-AS AUCCGUGCUGAGUGUACCAUG TTTC C*G*TTTCTAAACACTGTTTCATTTCATCCGTGCTGAGTGTAGAATTCCCATGGTCACTTTTAACACACCCAAGGAAAGACTATGAAATGG*A*G 

HPRT38330-AS GGUUAAAGAUGGUUAAAUGAU TTTA G*C*CATTTCACATAAAACTCTTTTAGGTTAAAGATGGTTAAGAATTCATGATTGACAAAAAAAGTAATTCACTTACAGTCTGGCTTATAT*C*C 

HPRT38628-S AACAGACUGAUGGUUCCCAUU TTTG C*T*CCTTCCAGCACCTCATAATTTGAACAGACTGATGGTTCGAATTCCCATTAGTCACATAAAGCTGTAGTCTAGTACAGACGTCCTTAG*A*A 

HPRT411-AS CCAGGGCUCCCCCGAGGAGGG TTTC C*T*TCCCACACGCAGTCCTCTTTTCCCAGGGCTCCCCCGAGGAATTCGAGGGACCCACCCCAAACCCCGCCATTCCGTCCTCCCTGCCGC*C*C 

HPRT677-S CACACACUGUAGUUCAUCUUU TTTG G*A*CCAGGTTTTGCCTTTAGTTTTGCACACACTGTAGTTCAGAATTCTCTTTATGGAGATGCTCATGGCCTCATTGAAGCCCCACTACAG*C*T 

HPRT782-AS CCUAGUUCCUUCGUGUGUCAA TTTC C*T*TGAAATGACCTAATGCCTTTTCCCTAGTTCCTTCGTGTGAATTCGTCAAATACGCATGGTTACCGCTACCAGAGCTGTAGTGGGGCT*T*C 

HPRT803-S AAGCCGAAAUUCACAUGUGCU TTTC A*G*GGAAAAGGCATTAGGTCATTTCAAGCCGAAATTCACATGAATTCGTGCTAGAATCCAGATTCCATGCTGACCGATGCCCCAGGATAT*A*G 

MET 

MET1379-S UUUACUUCUUGACGGUCCAAA TTTA A*T*GCCTTTGAAAGCAACAATTTTATTTACTTCTTGACGGTGAATTCCCAAAGGGAAACTCTAGATGCTCAGACTTTTCACACAAGAATA*A*T 

MET540-S UCUUCAUUUCUGACAACUGAA TTTC A*A*TGGTATAGGTCTTTCAGTTTTCTCTTCATTTCTGACAAGAATTCCTGAACTGCTCTCGCCTTGAACCTGTTTTGGCAGATAAACCTC*T*C 

MET793-S CUUGGUGCCACUAACUACAUU TTTC A*T*TCTACATGAGCATCACATTTTCCTTGGTGCCACTAACTGAATTCACATTTATGTTTTAAATGAGGAAGACCTTCAGAAGGTTGCTGA*G*T 

MET892-S CCAUGUCAGGACUGCAGCAGC TTTC G*T*GCTGGAACACCCAGATTGTTTCCCATGTCAGGACTGCAGAATTCGCAGCAAAGCCAATTTATCAGGAGGTGTTTGGAAAGATAACAT*C*A 

MYC 

MYC238-AS GUGGAUGCGGCAAGGGUUGCG TTTC G*C*CCGCTGCTATGGGCAAAGTTTCGTGGATGCGGCAAGGGGAATTCTTGCGGACCGCTGGCTGGGGGATCAGCGGGAGGGCTGGGCCAG*A*G 

MYC528-S UCCCAUUCCUGCGCUAUUGAC TTTC A*A*TGCCTAAATAGGGTGTCTTTTCTCCCATTCCTGCGCTAGAATTCTTGACACTTTTCTCAGAGTAGTTATGGTAACTGGGGCTGGGGT*G*G 

MYC801-AS UGCCCACCGCAAAGCAACCCC TTTC G*A*GCTCAGGATGCAAGGGGCTTTCTGCCCACCGCAAAGCAGAATTCACCCCCAGCCCCCCAAAACCCAGAGAGCAATTAACACAATAAA*G*C 

MYC932-S UGACAGCCGGAGACGGACACU TTTC T*T*AAATTTCGGCTCACCGCATTTCTGACAGCCGGAGACGGGAATTCACACTGCGGCGCGTCCCGCCCGCCTGTCCCCGCGGCGATTCCA*A*C 

RAG2 
RAG2207-S CUCAUUCAGUCCCACUGCAAG TTTC A*C*TGACCTAACTCCTTGGATTTTCCTCATTCAGTCCCACTGAATTCGCAAGCGTGTGGGAGGACTTAAAAAAATGCTATTCACATGTGA*A*G 

RAG2504-AS CAUCCAGAUGGAAAACUCCAG TTTA T*C*AGTTTGACATGGTTATGCTTTACATCCAGATGGAAAACGAATTCTCCAGTGGGGCAGGATCTTTTGGGCCAGCCTTTTTGTCCAAAG*A*A 



RAG2544-S UCUAAGGAUUCCUGCUACCUC TTTC G*T*CAAACTGAAGCCTACAATTTTCTCTAAGGATTCCTGCTGAATTCACCTCCCTCCTCTTCGCTACCCAGCCACTTGCACATTCAAAGG*C*A 

RAG2907-S CUGGUGGAUUUUGAAUUUGGG TTTC G*C*TGACTGCCTGCCCTGTGTTTTCCTGGTGGATTTTGAATGAATTCTTGGGTGTGCTACATCATACATTCTTCCAGAACTTCAGGATGG*G*C 

STAT3 

STAT346810-AS GUUUCCUGGGUCAUACAGUCC TTTG A*T*TTCTCAGGAAAAGAAACATTTGAACTGAATTTGAAGGTGAATTCGAGTGAGTTCAGGTGTGTTTGGGCTGAAGCCCAGGCCATGCTG*A*G 

STAT347118-S AACUGAAUUUGAAGGUGAGUG TTTG A*G*GGACAGAGGGTAAATATTTTTGGTTTCCTGGGTCATACGAATTCAGTCCCTGCCACAAATAGCCCTGCCACTGCAGCACCAAAGCAG*C*C 

STAT347155-S GGCUGAAGCCCAGGCCAUGCU TTTG G*G*TGAGTGAGTTCAGGTGTGTTTGGGCTGAAGCCCAGGCCGAATTCATGCTGAGTGGATAGCGGGTGGGAAGAGAGTGTGGAAACACAC*T*G 

STAT347205-AS CACACUCUCUUCCCACCCGCU TTTC T*C*TTCCCTGCATGCAGTGTGTTTCCACACTCTCTTCCCACGAATTCCCGCTATCCACTCAGCATGGCCTGGGCTTCAGCCCAAACACAC*C*T 

TTR 

TTR1166-S CUUAGCUAGGAAGUGACCAGG TTTG G*A*AGGATGCCCTCTTTTTGTTTTGCTTAGCTAGGAAGTGAGAATTCCCAGGAACCTGAGCATCATTTAGGGGCAGACAGTAGAGAAAAG*A*A 

TTR1297-AS AUCACCUACAUAAAGUGUUCU TTTC C*T*GGGCATAGAATGTTTACTTTTCATCACCTACATAAAGTGAATTCGTTCTGTGACCCAAAAGGGTTGCAAACCACAGCTAGAGGAGAG*G*A 

TTR1439-S GGAAAAGGUAUAAUGUGUAUU TTTA A*A*GTGTCCTTGTCTTAGAATTTTAGGAAAAGGTATAATGTGAATTCGTATTAACCCATTAACAAAAGGAAAGGAATTCAGAAATATTAT*T*A 

TTR959-AS UGAACACAUGCACGGCCACAU TTTC C*C*CAGGTGTCATCAGCAGCCTTTCTGAACACATGCACGGCGAATTCCACATTGATGGCAGGACTGCCTCGGACAGCATCTAGAACTTTG*A*C 

Supplementary Table 6 Genomic targets used to compare the HDR efficiency mediated by WT or AsCas12a Ultra in Jurkat 
cells. 
  



Gene Assay Crispr 
enzyme sgRNA donor_sequence 

A1CF 
Hs.Cas9.A1CF.1 Cas9 UAAUCGGCAGUUGUCCAC

AC 
TTTTGCAGAAATGGGCGCCTCTTAGGGGTTTGTGCCAGTGGAATTCTGGACAACTGCCGATTATTTGTTGG
GGGCATCCCAAAAAC 

Cas12a_A1CF-48-
AS Cas12a UGCCAGUGUGGACAACUG

CCG 
AAATGGGCGCCTCTTAGGGGTTTGTGCCAGTGTGGACAACGAATTCTGCCGATTATTTGTTGGGGGCATCC
CAAAAACCAAAAAGAGAGAA 

AADACL3 

Hs.Cas9.AADACL3.
1 Cas9 GGCAUCGUGUACUACCAC

GG 
ATGGTTCTTACTCAAACTCCCCATGACGCCCCCGCCACCGGAATTCTGGTAGTACACGATGCCAGGCTTCA
GGGTGCAGGTGGATG 

Cas12a_AADACL3-
44-S Cas12a CGCUUUGGGACAAUCCCU

GUG 
CCCGATGTTGTGGTCACGGATTTCCGCTTTGGGACAATCCGAATTCCTGTGAAGCTGTACCAACCCAAGGC
ATCCACCTGCACCCTGAAGC 

ABCG5 
Hs.Cas9.ABCG5.1 Cas9 CAUGUGGCAGACCGACUG

AU 
CTCACCCGTGGAAATGCCCCCCAAGCTGTAGTTGCCAATCGAATTCAGTCGGTCTGCCACATGGCTCAGAC
TCAGCTCTGCCATGA 

Cas12a_ABCG5-
127-AS Cas12a UGUCUCCUGCAGGUGGAG

GCC 
GACTCCCAGCCTTCCTGTAATTTGTGTCTCCTGCAGGTGGGAATTCAGGCCGTCATGGCAGAGCTGAGTCT
GAGCCATGTGGCAGACCGAC 

ABHD6 
Hs.Cas9.ABHD6.1 Cas9 GAUUGUCAGUUGAGUACU

GC 
TATCATCAAGCCATTTGGGTTTGAATCCCACAGGCCTGCAGAATTCGTACTCAACTGACAATCAATTTGTA
CAACGGCTCAAAGAA 

Cas12a_ABHD6-34-
S Cas12a GGUUUGAAUCCCACAGGC

CUG 
GTGGATGTATCATCAAGCCATTTGGGTTTGAATCCCACAGGAATTCGCCTGCAGTACTCAACTGACAATCA
ATTTGTACAACGGCTCAAAG 

ABRAXAS
1 

Hs.Cas9.ABRAXAS1
.1 Cas9 AAGCUGCUCUACUCAUCG

AC 
TTAACACCAAGTATAATAACAGAAAGCTGCTCTACTCATCGAATTCGACTGGAACATTCCTTATATAAACC
TCAAAAAGGGTAAAT 

Cas12a_ABRAXAS1-
55-AS Cas12a CUGCUAUUAACACCAAGU

AUA 
TTTTCAAACCAAGACCTTGTTTTTCTGCTATTAACACCAAGAATTCGTATAATAACAGAAAGCTGCTCTAC
TCATCGACTGGAACATTCCT 

ACAT1 
Hs.Cas9.ACAT1.1 Cas9 UCAAGCUUUACCCCACCA

UA 
CAATGTTCCATATGTAATGAACAGAGGATCAACACCATATGAATTCGGTGGGGTAAAGCTTGAAGATTTGA
TTGTAAAAGACGGGC 

Cas12a_ACAT1-
102-AS Cas12a CAAUCAAAUCUUCAAGCU

UUA 
AGACATCAGTTAGCCCGTCTTTTACAATCAAATCTTCAAGGAATTCCTTTACCCCACCATATGGTGTTGAT
CCTCTGTTCATTACATATGG 

ADAM30 
Hs.Cas9.ADAM30.1 Cas9 UACGAGUCAAACUCCCCU

UC 
CCTTAAGTCTCTTGGCGAAGATGTAATTTTTCACCCTGAAGAATTCGGGGAGTTTGACTCGTATGAAGTCA
CCATTCCTGAGAAGC 

Cas12a_ADAM30-
45-AS Cas12a ACUCGUAUGAAGUCACCA

UUC 
TTTTTCACCCTGAAGGGGAGTTTGACTCGTATGAAGTCACGAATTCCATTCCTGAGAAGCTGAGCTTCCGG
GGAGAGGTGCAGGGTGTGGT 

ADAM7 
Hs.Cas9.ADAM7.1 Cas9 GCCAGUAUCAGUACGUGU

AA 
AAGGAAAAAGAAAGATATTCTGCATTACCTTAGACCATTAGAATTCCACGTACTGATACTGGCAGCTGAAT
CATATTCGTGTACTA 

Cas12a_ADAM7-63-
S Cas12a CCUAUGGAUUUUCAAAGA

AGU 
CTTTCTTTTTCCTTTATGAGTTTTCCTATGGATTTTCAAAGAATTCGAAGTTAACTTTGTTGATTTTGTTT
TATCACTCCTGGTATATAGA 

ADGRL3 
Hs.Cas9.ADGRL3.1 Cas9 UUUGAGUCCGACCACCAA

UC 
GCTGCAGATAAAATTTATTTCATGCCCTGGACTCCCTATCGAATTCGTACCGATACTTTAATAGAATATGC
TTCTTTAGAAGATTT 

Cas12a_ADGRL3-
44-AS Cas12a CACCACGCCCCAGAUUGG

UGG 
TCAGATGCCTGCAGAGGGTCTTTGCACCACGCCCCAGATTGAATTCGGTGGTCGGACTCAAACAAATGTTC
ACTCTGGTATACTCCTTTTA 

AGAP9 
Hs.Cas9.AGAP9.1 Cas9 UGGUGGUGCUGGAGAUAC

CG 
ACATATAGCTTTGGAGTTTAACCTTTCTGCCAATCCAGAGGAATTCTCAAGCACAATATTCCAGAGGAACT
CTCAAACAGAAGGTG 

Cas12a_AGAP9-21-
S Cas12a GGUGUUUCUUUUUAUUGG

CAU 
AGTTGTTGGTGCTTTTCTTCTTTAGGTGTTTCTTTTTATTGAATTCGGCATGAGGAGAGGGGGGCGGGTTG
AGCTTGGGGCTGGTGGTGCT 

AHCTF1 
Hs.Cas9.AHCTF1.1 Cas9 AAGGAUAACAUCGUUACC

AC 
CCGTGGGCGCTGCCGTGGCCGCCGACGCGGCTCTCCGCGCGAATTCTTTGCACTCATTGGTACTCAGAGCC
TCCCGGGGCCGGCCC 

Cas12a_AHCTF1-
38-S Cas12a UUAACAGAUACGAUAAAG

ACU 
GTCTATCTCATCAATTCCATTTTATTAACAGATACGATAAGAATTCAGACTTTATAGTTTCAAAAGATGTA
CTTACCTATTAAAAAGCAAA 

AKAP10 
Hs.Cas9.AKAP10.1 Cas9 AGAAGCGGGACUAUUUCU

AC 
GGAAATGAGCCTGAAGAGGTGAAGCTGCAGAATGCCAGCAGAATTCAACAGATTGTGCAGAATGCAATCCT
GCAAGCTGTGCAGCA 

Cas12a_AKAP10-
70-S Cas12a CAUGGAAACUUGGUGAGU

UCC 
TGTAGAGGAAGATTCTTGGGTTTCCATGGAAACTTGGTGAGAATTCGTTCCTGCTCTGGCCATTTCAAGAC
GGAGAGAATGGGCACTGTCA 



AKR1B10 

Hs.Cas9.AKR1B10.
1 Cas9 GAACGUUGCUUUUCCACC

GA 
CACTCTGATTAAGAACAACTTCTAAATGTCTCCACCTCTGGAATTCATAACGACTATATTCTTGTTTTATG
TTCTGAAAAATTTGC 

Cas12a_AKR1B10-
68-S Cas12a CCCAAAGAUGAUAAAGGU

AAU 
TCACAGTCTGGGGATGACCTTTTCCCCAAAGATGATAAAGGAATTCGTAATGCCATCGGTGGAAAAGCAAC
GTTCTTGGATGCCTGGGAGG 

ALS2 
Hs.Cas9.ALS2.1 Cas9 ACAAUGGUGUCGCGUACA

UG 
CCGTGACGCGCGCTCCCCTGCGCCCCCGGGGCCTCCCGTGGAATTCGGCTCCGTGCGGGGACAAAGCCAGC
GCCAGCAGGAAGAGT 

Cas12a_ALS2-22-S Cas12a GUUCCGGCACAUACUGCU
GGU 

AATCAGCAATGCTGACAGGATTTGGTTCCGGCACATACTGGAATTCCTGGTTGGCTACTGCACACTGGCCA
GCAGAATTCTCTCCCCACAT 

AMZ2 
Hs.Cas9.AMZ2.1 Cas9 AUCUUUACCCAAGAGACU

CG 
ATTCTGACCAGCTGGATCTCGCCCAGTTCCTCGTCCACAGGAATTCTCACGTCGTATGAATCCACCTGGGA
AGGAGAACAGGCAAT 

Cas12a_AMZ2-24-S Cas12a UGUAUUUCUUUUUAAAUA
GGG 

ATATAATATACACTCATACATTTATGTATTTCTTTTTAAAGAATTCTAGGGGACATCCTGAAGTTCTTGAA
AAAGAAGAAACCTGAAGATG 

ANKRD13
D 

Hs.Cas9.ANKRD13D
.1 Cas9 CUUCGACACAAUGCCAAC

GU 
GCAGAAGTACCTGACGCGAGTGCCTGGAGTCAGACCACAGGAATTCGCGACAGGTGTAATCGTTCTTAAAA
TCCATCACTGAGCTA 

Cas12a_ANKRD13D-
57-AS Cas12a CCAGAGACACGGCCAGCU

CCA 
GCACTCTCACAGACTCCAGGTTTCCCAGAGACACGGCCAGGAATTCCTCCAGTGGGGTCCGCCCGCGGGGG
TCCTCCTGTTCAATGTCGTG 

ANKRD27 

Hs.Cas9.ANKRD27.
1 Cas9 UAGACUGGAUGCUGCUCG

AC 
CATCTGTCAAAGAGGCCTGTCCAAAGACAAAATTCCACGAGAATTCGTCTCTTGGGTAAAGATCAATCATT
GTTATTCCCACAACA 

Cas12a_ANKRD27-
56-AS Cas12a CAGGUCUUAGUACCCUGC

AAA 
AATGTTGCCCCGAATTGTTTTTTCCAGGTCTTAGTACCCTGAATTCGCAAAGGAAGCCTGTCGAGCAGCAT
CCAGTCTACTTGTCAGTTTG 

ANKRD45 

Hs.Cas9.ANKRD45.
1 Cas9 CAAAGUUUCCAAACGACC

CC 
TGCCCGAAGAAAGAGGCTGCCCGAGATGGCCCAGCCAGTTGAATTCGACCCGGCTCACAATGTCAGCCGCC
TGCACCGTGAGTGTC 

Cas12a_ANKRD45-
39-S Cas12a AAAGUUUCCAAACGACCC

CAG 
ACATCCAGTTCTACCAGTGCTTTCAAAGTTTCCAAACGACGAATTCCCCAGGCTGCAGCACAATGTAAGAG
TGTGTACCCTAACAAATGGA 

ANTXRL 
Hs.Cas9.ANTXRL.1 Cas9 GGGGGCCAACGUUUACAC

CC 
TTGTTAGGGTACACACTCTTACATTGTGCTGCAGCCTGGGGAATTCGTCGTTTGGAAACTTTGAAAGCACT
GGTAGAACTGGATGT 

Cas12a_ANTXRL-
63-AS Cas12a AGCCUAAGGGAAAGAAGG

CAU 
GGCCCCCAGTTTCCGAGCCTTTTGAGCCTAAGGGAAAGAAGAATTCGGCATTGCATATTGGTCATCAAAAT
ACATGGAGCAAAATGCTGGT 

AP1S3 
Hs.Cas9.AP1S3.1 Cas9 AGAGAUUGUGCAUCGUUA

CG 
TGATCTAAACGATGAAGAATGTACTGCTGAACATCCTTGAGAATTCCGATATATGCCTTCCGAAGGTCATC
TAAACTTATTTTTCG 

Cas12a_AP1S3-70-
S Cas12a CUAUUGCACAGCAAAAAU

AUA 
TCAAGAGCTCATTGTCCTGATTTTCTATTGCACAGCAAAAGAATTCATATAAACTAGCATACCTTGAAATG
AAAAATAACAAAAGCAAAAT 

AP3B1 
Hs.Cas9.AP3B1.1 Cas9 AAGCGCUUGCACGAAUUA

GU 
ACCGGGCCACCAAGTGTGCTGAGGCTCTGGCACCCCTGTTGAATTCGAGCAGCCTCAACGTGGCTGACAGG
AGCGGGCGCAGTGCT 

Cas12a_AP3B1-57-
AS Cas12a GGUGAAUAUUUUUGCACU

AUU 
AAAATATTGTAAAGTTGAAATTTTGGTGAATATTTTTGCAGAATTCCTATTTTTAGGACCCAAACCAACTA
ATTCGTGCAAGCGCTTTGAG 

APAF1 
Hs.Cas9.APAF1.1 Cas9 UCUUUGCACACGGUUGGA

UC 
GCTGAGATAATGCACATCAAATTGCCTCTGAAACCCAATGGAATTCATCTGAAAAACCGGTCCTCAGCCTT
TGGTACACTCAACTG 

Cas12a_APAF1-46-
AS Cas12a AUCAGAAGCCCAGAUUUG

UCU 
CGTGTGCAAAGATTCTGCAGTTTCATCAGAAGCCCAGATTGAATTCTGTCTTGTTTCCCAACTGAAACCCA
ATGCACTCCCCCTGGGAAAC 

APOPT1 
Hs.Cas9.APOPT1.1 Cas9 UGUAAAAGUGAACAGGUC

GA 
CGGATCCAGAACCTGGCACCGAGCGATGAGGAGTCCAGCTGAATTCGGACAACGTTGTCCCAAGACAGTGC
CTCACCCAGCTCCCC 

Cas12a_APOPT1-
54-AS Cas12a AGGUAUGUAAAAGUGAAC

AGG 
TTGTTCCAATGGAGATTCATTTTCAGGTATGTAAAAGTGAGAATTCACAGGTCGAAGGTTTGAATATTTAT
CTGGGGGTCCTATCCAATCA 

ARHGAP3
6 

Hs.Cas9.ARHGAP36
.1 Cas9 AAGGUGUUCGGACGGUCA

AU 
GGCGGCCACGGCGGCTCCAGGCTCTGGGACGCAACCTCTCGAATTCTCGGGGTGGCACTCCAGGGCCGACT
GCGGCTGTGAAGGTT 

Cas12a_ARHGAP36-
17-S Cas12a UUUUUUCUCUUUCUGUAG

CUC 
TCCTATTTGTAAGTGTATCTTTTCTTTTTTCTCTTTCTGTGAATTCAGCTCTGCCTATTGACCGTCCGAAC
ACCTTGGATAAGTGGTTTCT 

ARL1 Hs.Cas9.ARL1.1 Cas9 CAUGGCAACUAACUCUGA
UU 

CGAGCCGGGCATACCTTCAGGCTGCAGTGCACGGCCGACTGAATTCCGGGTGGGTACACGATGAAGTGGCG
CAGAGTGAAGCCAAA 



Cas12a_ARL1-22-S Cas12a GAAAUGCCAAUUCGGUCU
CGG 

AACATGGCAACTAACTCTGATTTGGAAATGCCAATTCGGTGAATTCCTCGGTCACAACTGTCTACTACATA
AATGACTGCATCTGTGTTTG 

ARL16 
Hs.Cas9.ARL16.1 Cas9 UGCCACGAUGUCAGUAAG

AU 
TCAAAATCAGAAACCACTTATCCAAGGTGTTCGGACGGTCGAATTCAATAGGCAGAGCTACAGAAAGAGAA
AAAAGAAAAGATACA 

Cas12a_ARL16-98-
AS Cas12a UCCUAUAGGUGGGCACCA

AUC 
TTGTTCTTTTTGCATCGTGGTTTTTCCTATAGGTGGGCACGAATTCCAATCTTACTGACATCGTGGCACAG
AGAAAGATCACCATCCGGGA 

ARL6 
Hs.Cas9.ARL6.1 Cas9 UGCCACUAUUAUCUAGCC

CA 
GCAATTCTTATTTTTTAGGAAGAGCTGAGCAATGCCATGTGAATTCCGATGATCCAAGCCATCACTTCCAA
ACAAGAAGAAATGCA 

Cas12a_ARL6-26-S Cas12a AAUCACAUUAUGGGAUUG
CUA 

TTGCAGCTGGTTTGTAAATATTTGAATCACATTATGGGATGAATTCTGCTAGACAGACTTTCAGTCTTGCT
TGGCCTGAAGAAGAAGGAGG 

ARMCX1 
Hs.Cas9.ARMCX1.1 Cas9 UUGAACUUGCCUCUCCGG

AC 
TCCCGGATGGTGATCTTTCTCTGTGCCACGATGTCAGTAAGAATTCGATTGGTGCCCACCTATAGGAAAAA
CCACGATGCAAAAAG 

Cas12a_ARMCX1-
47-S Cas12a CUUAUAAAAUUGAUGAUA

UUC 
TCCGGAGAGGCAAGTTCAACTTTCCTTATAAAATTGATGAGAATTCTATTCTGAGTGCTCCCGACCTCCAA
AAGGTCCTCAACATCCTGGA 

ARR3 
Hs.Cas9.ARR3.1 Cas9 AGUACAAUUUGCACCACC

GG 
TTGGCCTGAAGAAGAAGGAGGTTCATGTTTTGTGCCTTGGGAATTCGCTAGATAATAGTGGCAAAACGACG
ATCATTAACAAACTT 

Cas12a_ARR3-18-S Cas12a CACCACCGGAGGCAGGCC
CUG 

TGGTTGTCCGGAAAGTACAATTTGCACCACCGGAGGCAGGGAATTCCCCTGGCCCCTCAGCCCAGACCATC
CGCCGCTTCCTTCTGTCAGC 

ATP1B4 
Hs.Cas9.ATP1B4.1 Cas9 GACGGUGGUGCCCAAAUC

GG 
TTGCTTGGTGACATTTGAAAAGGAACGCAAGGCTCCTGTGGAATTCAGACGAGGTAAAGCCATCTATTATT
CAATCAGTGATCCAT 

Cas12a_ATP1B4-
79-AS Cas12a UCCUCCUCUUCUUCCUCC

UCC 
TCCTCCTCTTCCTCCTCTTCTTTCTCCTCCTCTTCTTCCTGAATTCCCTCCTCCGATTTGGGCACCACCGT
CACCCGAGCCTCTTCTTCTG 

BANF1 
Hs.Cas9.BANF1.1 Cas9 CCAAAAGCACCGAGACUU

CG 
CGTGACATCACTCCCCATCTCCAGGCATTGGGATCCCGTGGAATTCGCAGTTGCAGCACTGAAGTGGAGAA
GGAGACCCAGGAGAA 

Cas12a_BANF1-58-
AS Cas12a GGAGGUUGUCAUCUUGAU

CAG 
TGCCACGAAGTCTCGGTGCTTTTGGGAGGTTGTCATCTTGGAATTCATCAGGCTTAATCTAGGAATCCCAA
AAAAAAGGCAGATTAGGGCT 

BBOX1 
Hs.Cas9.BBOX1.1 Cas9 ACCGGAGCAUCUGACAAA

CC 
GCTGCGCACCGCGCACAGGCCCCGGTAGAGACCGGCCACCGAATTCTGCAGGACCGCCGGTCCCGCGCCAC
CCGCAGCCGCCACCA 

Cas12a_BBOX1-80-
AS Cas12a AAACUUCUCCUGGUUUGU

CAG 
AACCCATCCTTTTCCCAAGTTTTGAAACTTCTCCTGGTTTGAATTCGTCAGATGCTCCGGTGAGTCTTACT
ATGCCTACTTTCTTGAGGGT 

BLOC1S1 

Hs.Cas9.BLOC1S1.
1 Cas9 GAUCCACCAAAGCUUCUG

UC 
GAAACCCATCCTTTTCCCAAGTTTTGAAACTTCTCCTGGTGAATTCTTGTCAGATGCTCCGGTGAGTCTTA
CTATGCCTACTTTCT 

Cas12a_BLOC1S1-
32-S Cas12a CCCCUCUCCCCAGAAAAG

AGG 
AAGTCTCCCCTCCAATTCCTTTTCCCCCTCTCCCCAGAAAGAATTCAGAGGAGGCGAGAGGCTATCACTGC
AGCGACCTGCCTGACAGAAG 

BLVRA 
Hs.Cas9.BLVRA.1 Cas9 ACACGAAGCCAAUCAGGU

UC 
GCAAGCCTTCCCAGAAACATGCCGGTGAATCACCAGTTCCGAATTCCCCTGGCCTCATCCATGGACCTTCT
GAGCAGCAGGTCCCC 

Cas12a_BLVRA-11-
S Cas12a GCGUGGUGGUGGUUGGUG

UUG 
TGTTTCAGCCCGAGAGGAAGTTTGGCGTGGTGGTGGTTGGGAATTCTGTTGGCCGAGCCGGCTCCGTGCGG
ATGAGGGACTTGCGGAATCC 

BOLL 
Hs.Cas9.BOLL.1 Cas9 GGUGGGACCGAAGUUACC

UC 
CCCTTTGGATGCTGGTGAATACTGTGTGCCTAGAGGAAATGAATTCCGTAGGCGGTTCCGCGTTAGGCAGC
CCATCCTGCAGTATA 

Cas12a_BOLL-44-
AS Cas12a AAAAAGGAUUUCCAUCUA

UUA 
TTGGCCTGTAAGTAATTTCATTTAAAAAAGGATTTCCATCGAATTCTATTACTATCAATTTTTTAATGTTT
GTTATATTTCTGAAATATCT 

BRAF 
Hs.Cas9.BRAF.1 Cas9 GAACUUCUGUACUACAAC

GC 
GGCTCCACCTGCCCCGGGTTTTGGAGAGGATGTGCCCAATGAATTCAGGCTTGTCGATAACATTGATATGA
TAGATGGAGATGGAG 

Cas12a_BRAF-28-S Cas12a GGAUUACUUACUCAAGUU
GGU 

GGTAGGTAGAAAAGAGATATTTTTGGATTACTTACTCAAGGAATTCTTGGTCATAATTAACACACATCAGT
GGAACTTCTGTACTACAACG 

BRD8 
Hs.Cas9.BRD8.1 Cas9 CCGGAGGUUACCCACUGU

GA 
CTGGCGGCCGGGGAGCGGCCGTCCGACCCCGGGGAACACCGAATTCCTCAGGCCGAGCCTGGGTCTCTGGC
CGAGGGGGCCGGACC 

Cas12a_BRD8-66-S Cas12a CUGCUUGACGAGCUAGAA
CAU 

GTAACCTCCGGGGGGGTGTTTTTACTGCTTGACGAGCTAGGAATTCAACATAAAAGAGAACAATGTCCAAA
TCTTCAAGATTAAATAAATG 



BRDT 
Hs.Cas9.BRDT.1 Cas9 UUCUCCCUUGAACGUGGU

AC 
TCCGAGCTGGAGGAGGAGTCACGCCTCCAGGACGCCGACGGAATTCTGTCGGCTGCCTCGTTGCAGTCAGA
ACTGGCCCACAGCCT 

Cas12a_BRDT-89-
AS Cas12a AAAACUACAACAAACUUA

CUU 
CCAGTGTTAAAAAGCAATGATTTAAAAACTACAACAAACTGAATTCTACTTGGGCCGCAGTTTGTGAACTG
GAGTTGACTGAAGCTCCCTG 

BRIX1 
Hs.Cas9.BRIX1.1 Cas9 GCAACCAAGAGGAAACGG

CG 
AGGTCCATACCCCACATTGAGGTGATCCACCAAAGCTTCTGAATTCGTCAGGCAGGTCGCTGCAGTGATAG
CCTCTCGCCTCCTCT 

Cas12a_BRIX1-57-
AS Cas12a CUCUUGGUUGCCGCCAUC

UUG 
ACTGCAAAGCCTCCACGCCGTTTCCTCTTGGTTGCCGCCAGAATTCTCTTGCCTCGCCGCCCGCGCTCTTG
GCCTCCTTTCCGGCGCTGCC 

BUD23 
Hs.Cas9.BUD23.1 Cas9 GUAGUCUACCACCAUGCC

AC 
AGATAAGGGGTAACCCCCACCTGCTGGTCAAGTACCATAGGAATTCTGGGTTCTTCGTGGACGGGAAGTTC
CTGTGTTGCCAGCAG 

Cas12a_BUD23-54-
AS Cas12a CUUUGGCACUGUUAGGGU

AGU 
CGGCCCCCAGCGCTCACTTCTTTGCTTTGGCACTGTTAGGGAATTCGTAGTCTACCACCATGCCACCGGAG
AAGCCTGCCTTTGTGGCCTG 

C10orf1
11 

Hs.Cas9.C10orf11
1.1 Cas9 UCGGAGUCGCUGCAAAGU

CG 
TACTTACCATAATGGTGTTGCTTATTTTCATACTCCAGAGGAATTCGTAACTTCGGTCCCACCGCCTTGGC
CTGTAAGTAATTTCA 

Cas12a_C10orf111
-8-S Cas12a AAAUGUUAUUCGGCCGCU

UCA 
ACAGATCCAGATTCCTGAGCTTTAAAATGTTATTCGGCCGGAATTCCTTCATCACTTGTCCCCGACTTTGC
AGCGACTCCGATGGTAGCCT 

C10orf6
7 

Hs.Cas9.C10orf67
.1 Cas9 GGGGGACCUUUGGCACAC

GC 
GTGGGCAACGTGCCCTTGGAGTGGTACGATGACTTCCCCCGAATTCACGTGGGCTACGACCTGGATGGCAG
GCGCATCTACAAGCC 

Cas12a_C10orf67-
62-AS Cas12a CUCCUCCUUGAGGGGGAC

CUU 
TATTAGATGGGTTCACTGCTTTTCCTCCTCCTTGAGGGGGGAATTCACCTTTGGCACACGCTGGGAGGCCA
TGAAAGCCAAGGCCACCGAG 

C16orf8
2 

Hs.Cas9.C16orf82
.1 Cas9 AUCCUCUGUCCAGAAUGA

GC 
CTGCACTCCAGATGGATCCCTCCATCCTCATAACCCTTCAGAATTCCTTCGACGTGAAGATTAGAACCCAG
TGCTGTGGAAGGATA 

Cas12a_C16orf82-
28-S Cas12a CUCGAGGGAGAAAAAGGG

GAA 
CCACTTCAGCTGCCCCCCATTTTTCTCGAGGGAGAAAAAGGAATTCGGGAATCCTCTGTCCAGAATGAGCA
GGAAGGAGAGCCAAGCCTAC 

C1orf61 

Hs.Cas9.C1orf61.
1 Cas9 UCUAUCGUCCACACGGAG

GA 
TCTAAGCTGGGTGACTGTAGGCTTGGCTCTCCTTCCTGCTGAATTCCATTCTGGACAGAGGATTCCCCTTT
TTCTCCCTCGAGAAA 

Cas12a_C1orf61-
69-S Cas12a ACUCACCGCCCGGGAGCU

GUC 
AAAGGGGGTCAGCACGGCCATTTCACTCACCGCCCGGGAGGAATTCCTGTCCGTGGTGCTGGATGTGGCTC
TATCGTCCACACGGAGGAAG 

HPRT 
Cas12a_38087-AS Cas12a AAUUAUGGGGAUUACUAG

GA 
AAAGACTATGAAATGGAGAGCTAAATTATGGGGATTACTAGAATTCGGAAGGGGCAGCAATGAGTTGACAC
TACAGACAAGGCACT 

Cas12a_ HPRT 
38330-AS Cas12a GGUUAAAGAUGGUUAAAU

GAUUG 
CATTTCACATAAAACTCTTTTAGGTTAAAGATGGTTAAgaattcATGATTGACAAAAAAAGTAATTCACTT
ACAGTCTGGCTTATA 

Supplementary Table 7 Genomic targets used to compare the HDR efficiency mediated by SpCas9 and AsCas12a Ultra in 
Jurkat cells. 
  



gRNA Target Sequence Name Sequence 
B2M B2M AsCpf1-1 AGTGGGGGTGAATTCAGTGT 
B2M B2M AsCpf1-2 CCGATATTCCTCAGGTACTC 
B2M B2M AsCpf1-3 GAGTACCTGAGGAATATCGG 
B2M B2M AsCpf1-4 CTCACGTCATCCAGCAGAGA 
B2M B2M AsCpf1-5 CATTCTCTGCTGGATGACGT 
B2M B2M AsCpf1-6 ACTTTCCATTCTCTGCTGGA 
B2M B2M AsCpf1-7 CTGAATTGCTATGTGTCTGG 
B2M B2M AsCpf1-8 ATCCATCCGACATTGAAGTT 
B2M B2M AsCpf1-9 AATTCTCTCTCCATTCTTCA 
B2M B2M AsCpf1-10 AGCAAGGACTGGTCTTTCTA 
B2M B2M AsCpf1-11 TATCTCTTGTACTACACTGA 
B2M B2M AsCpf1-12 TCACAGCCCAAGATAGTTAA 

BCL11A BCL11A AsCpf1-1 CCCAGGGGGGCCTCTTTCGG 
BCL11A BCL11A AsCpf1-2 TCACAGGCTCCAGGAAGGGT 
BCL11A BCL11A AsCpf1-3 AAGCTAGTCTAGTGCAAGCT 
BCL11A BCL11A AsCpf1-4 CACTGGAATCAGCTATCTGC 
BCL11A BCL11A AsCpf1-5 AGCCATCTCACTACAGATAA 
BCL11A BCL11A AsCpf1-6 CCCATGGGGCACAGTCAGGC 
TGFBR2 TGFBR2 AsCpf1-1 TGATGTGAGATTTTCCACCT 
PD1 PD1 AsCpf1-1 GCACGAAGCTCTCCGATGTG 
AAVS1 AAVS1 AsCpf1-1 GACCCCTAAGGGAAGAATGA 
CIITA CIITA AsCpf1-1 CCGGCCTTTTTACCTTGGGG 
TRAC TRAC AsCpf1-1 CAGATACGAACCTAAACTTT 
TRAC TRAC AsCpf1-2 GAGTCTCTCAGCTGGTACAC 
CISH CISH AsCpf1-1 ACTGACAGCGTGAACAGGTA 
HBB HBB AsCpf1-1 TATTGGTCTCCTTAAACCTGT 
HBB HBB AsCpf1-2 AGGAGACCAATAGAAACTGGG 
HBB HBB AsCpf1-3 AGGTTGCTAGTGAACACAGTT 
HBB HBB AsCpf1-4 CTTCTGACACAACTGTGTTCA 

Supplementary Table 8 List of crRNA targets used in Primary cells. 
  



Assay gBlock fragment 

DNMT1 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATCTGATGGTCCATGTCTGTTACTC 

STAT3 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATCAAAAACAAGCAGCAGGCTGGAT 

GCK 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATGACTCTGGTCCTGCGACCCGGAA 

RAG2 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATTTGTTCTTGCAAACAATAGACAT 

HPRT 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATGGAAAGAGAATTGTTTTCTCCTT 

GYS2 
GAGGGCCTATTTCCCATGATTCCTTCATATTTGCATATACGATACAAGGCTGTTAGAGAGATAATTGGAATTAATTTGACTGTAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAAT
AATTTCTTGGGTAGTTTGCAGTTTTAAAATTATGTTTTAAAATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAT
TTCTACTCTTGTAGATTCGTCTTTCTGGGCAGGTATTGT 

Supplementary Table 9 gBlock dsDNA fragments used to express Cas12a crRNA for GUIDE-seq in HEK293 cells. 
  



Name Sequence 

pAAV_MND_E
GFRCAR_RSQ
7375_500HA 

cctgcaggcagctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcgcccggcctcagtgagcgagcgagcgcgcagagagggagtggcc
aactccatcactaggggttcctgcggccgcggttcctcagatctgtaatgccaacataccataaacctcccattctgctaatgcccagcctaagttggggagaccactccagattccaa
gatgtacagtttgctttgctgggcctttttcccatgcctgcctttactctgccagagttatattgctggggttttgaagaagatcctattaaataaaagaataagcagtattattaagt
agccctgcatttcaggtttccttgagtggcaggccaggcctggccgtgaacgttcactgaaatcatggcctcttggccaagattgatagcttgtgcctgtccctgagtcccagtccatc
acgagcagctggtttctaagatgctatttcccgtataaagcatgagaccgtgacttgccagccccacagagccccgcccttgtccatcactggcatctggactccagcctgggttgggg
caaagagggaaatgagatcatgtcctaaccctgatcctcttgtcccacagatatccagaaccctgacccaatgaaagaccccacctgtaggtttggcaagctaggatcaaggttaggaa
cagagagacagcagaatatgggccaaacaggatatctgtggtaagcagttcctgccccggctcagggccaagaacagttggaacagcagaatatgggccaaacaggatatctgtggtaa
gcagttcctgccccggctcagggccaagaacagatggtccccagatgcggtcccgccctcagcagtttctagagaaccatcagatgtttccagggtgccccaaggacctgaaatgaccc
tgtgccttatttgaactaaccaatcagttcgcttctcgcttctgttcgcgcgcttctgctccccgagctcaataaaagagcccacaacccctcactcggcccggtcgccaccatggcac
tccccgtcaccgcccttctcttgcccctcgccctgctgctgcatgctgccaggcccatggacgaagtgcagctcgtggagtccggtggaggactcgtccaaccgggcggatcccttcgc
ttgtcctgcgccgcatcaggcttcagcttcaccaactatggcgtccactgggtcagacaggcccccggaaagggactggaatgggtgtccgtgatctggagcggcgggaacaccgacta
caacacctccgtgaagggccggttcactattagccgcgacaactccaagaacactctgtacctccaaatgaactccctgagggccgaagatactgctgtgtactattgcgcgagagccc
tgacctactacgactacgagttcgcgtactggggccaggggactctcgtgaccgtgtccagcggtggtggaggttccggaggcggaggttctggtggcgggggatcagaaatcgtgctg
actcagtcccctgcgaccttgtccctgagccctggagaacgggccaccctgagctgtagagccagccagagcatcgggacaaatattcactggtaccagcagaaacccggacaagcacc
acggctgctgatctactacgcctccgagtcgatttccggaatcccggctcgcttttcggggtctggatcgggaacggacttcactctgaccatctcgtcgctggaacccgaggatttcg
ccgtgtactactgccaacagaacaacaattggccgaccacgttcggccagggcaccaagctcgagattaagggatcactggaagcggccgcaaccacaacacctgctccaaggcccccc
acacccgctccaactatagccagccaaccattgagcctcagacctgaagcttgcaggcccgcagcaggaggcgccgtccatacgcgaggcctggacttcgcgtgtgatatttatatttg
ggcccctttggccggaacatgtggggtgttgcttctctcccttgtgatcactctgtattgtaagcgcgggagaaagaagctcctgtacatcttcaagcagccttttatgcgacctgtgc
aaaccactcaggaagaagatgggtgttcatgccgcttccccgaggaggaagaaggagggtgtgaactgagggtgaaattttctagaagcgccgatgctcccgcatatcagcagggtcag
aatcagctctacaatgaattgaatctcggcaggcgagaagagtacgatgttctggacaagagacggggcagggatcccgagatggggggaaagccccggagaaaaaatcctcaggaggg
gttgtacaatgagctgcagaaggacaagatggctgaagcctatagcgagatcggaatgaaaggcgaaagacgcagaggcaaggggcatgacggtctgtaccagggtctctctacagcca
ccaaggacacttatgatgcgttgcatatgcaagccttgccaccccgctaaagcggccgcgtcgagtctagagggcccgtttaaacccgctgatcagcctcgactgtgccttctagttgc
cagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattc
tattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatggtgccgtgtaccagctgagagactcttaatc
cagtgacaagtctgtctgcctattcaccgattttgattctcaaacaaatgtgtcacaaagtaaggattctgatgtgtatatcacagacaaaactgtgctagacatgaggtctatggact
tcaagagcaacagtgctgtggcctggagcaacaaatctgactttgcatgtgcaaacgccttcaacaacagcattattccagaagacaccttcttccccagcccaggtaagggcagcttt
ggtgccttcgcaggctgtttccttgcttcaggaatggccaggttctgcccagagctctggtcaatgatgtctaaaactcctctgattggtggtctcggccttatccattgccaccaaaa
ccctctttttactaagaaacagtgagccttgttctggcagtccagagaatgacacgggaaaaaagcagatgaagagaaggtggcaggagagggcacgtggcccagcctcagtcctgggg
agagatctgcggccgcaggaacccctagtgatggagttggccactccctctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgacgcccgggctttgcccgggc
ggcctcagtgagcgagcgagcgcgcagctgcctgcaggggcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatacgtcaaagcaaccatagtacgcgcc
ctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcg
ccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcg
ccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgatttataagg
gattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgct
ctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgc
atgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggcctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcac
ttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaaga
gtatgagccatattcaacgggaaacgtcttgctctaggccgcgattaaattccaacatggatgctgatttatatgggtataaatgggctcgcgataatgtcgggcaatcaggtgcgaca
atctatcgattgtatgggaagcccgatgcgccagagttgtttctgaaacatggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctgacggaatttat
gcctcttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccctgggaaaacagcattccaggtattagaagaatatcctgattcaggtgaaa
atattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcctgtttgtaattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaatcacgaatgaataac
ggtttggttgatgcgagtgattttgatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaacttttgccattctcaccggattcagtcgtcactcatggtga
tttctcacttgataaccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcggaatcgcagaccgataccaggatcttgccatcctatggaactgcctcggtg
agttttctccttcattacagaaacggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctcgatgagtttttctaactgtcagaccaagtt
tactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactg
agcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatc
aagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcct
acatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaac
ggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatc



cggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtga
tgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgt 
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gagagactcttaatccagtgacaagtctgtctgcctattcaccgattttgattctcaaacaaatgtgtcacaaagtaaggattctgatgtgtatatcacagacaaaactgtgctagaca
tgaggtctatggacttcaagagcaacagtgctgtggcctggagcaacaaatctgactttgcatgtgcaaacgccttcaacaacagcattattccagaagacaccttcttccccagccca
ggtaagggcagctttggtgccttcgcaggctgtttccttgcttcaggaatggccaggttctgcccagagctctggtcaatgatgtctaaaactcctctgattggtggtctcggccttat
ccattgccaccaaaaccctctttttactaagaaacagtgagccttgttctggcagtccagagaatgacacgggaaaaaagcagatgaagagaaggtggcaggagagggcacgtggccca
gcctcagtctctccaactgagttcctgcctgcctgcctttgctcagactgtttgccccttactgctcttctaggcctcattctaagccccttctccaagttgcctctccttatttctcc
ctgtctgccaaaaaatctttcccagctcactaagtcagtctcacgcagtcactcattaacccacctggggagagatctgcggccgcaggaacccctagtgatggagttggccactccct
ctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgacgcccgggctttgcccgggcggcctcagtgagcgagcgagcgcgcagctgcctgcaggggcgcctgatg
cggtattttctccttacgcatctgtgcggtatttcacaccgcatacgtcaaagcaaccatagtacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtg
accgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccg
atttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttcttta
atagtggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaa
aaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctga
cgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagg
gcctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaata
cattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaagagtatgagccatattcaacgggaaacgtcttgctctaggccgcgattaaa
ttccaacatggatgctgatttatatgggtataaatgggctcgcgataatgtcgggcaatcaggtgcgacaatctatcgattgtatgggaagcccgatgcgccagagttgtttctgaaac
atggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctgacggaatttatgcctcttccgaccatcaagcattttatccgtactcctgatgatgcatgg
ttactcaccactgcgatccctgggaaaacagcattccaggtattagaagaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcc
tgtttgtaattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaatcacgaatgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggcctg
ttgaacaagtctggaaagaaatgcataaacttttgccattctcaccggattcagtcgtcactcatggtgatttctcacttgataaccttatttttgacgaggggaaattaataggttgt
attgatgttggacgagtcggaatcgcagaccgataccaggatcttgccatcctatggaactgcctcggtgagttttctccttcattacagaaacggctttttcaaaaatatggtattga
taatcctgatatgaataaattgcagtttcatttgatgctcgatgagtttttctaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaa
ggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttt
tttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgca
gataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcg
ataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaa
ctgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagg
gggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcct
ttttacggttcctggccttttgctggccttttgctcacatgtcctgcaggcagctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcgc
ccggcctcagtgagcgagcgagcgcgcagagagggagtggccaactccatcactaggggttcctgcggccgcggttcctcagatctggatgtaaggagctgctgtgacttgctcaaggc
cttatatcgagtaaacggtagcgctggggcttagacgcaggtgttctgatttatagttcaaaacctctatcaatgagagagcaatctcctggtaatgtgatagatttcccaacttaatg
ccaacataccataaacctcccattctgctaatgcccagcctaagttggggagaccactccagattccaagatgtacagtttgctttgctgggcctttttcccatgcctgcctttactct
gccagagttatattgctggggttttgaagaagatcctattaaataaaagaataagcagtattattaagtagccctgcatttcaggtttccttgagtggcaggccaggcctggccgtgaa
cgttcactgaaatcatggcctcttggccaagattgatagcttgtgcctgtccctgagtcccagtccatcacgagcagctggtttctaagatgctatttcccgtataaagcatgagaccg
tgacttgccagccccacagagccccgcccttgtccatcactggcatctggactccagcctgggttggggcaaagagggaaatgagatcatgtcctaaccctgatcctcttgtcccacag
atatccagaaccctgaccccacggggttggggttgcgccttttccaaggcagccctgggtttgcgcagggacgcggctgctctgggcgtggttccgggaaacgcagcggcgccgaccct
gggtctcgcacattcttcacgtccgttcgcagcgtcacccggatcttcgccgctacccttgtgggccccccggcgacgcttcctgctccgcccctaagtcgggaaggttccttgcggtt
cgcggcgtgccggacgtgacaaacggaagccgcacgtctcactagtaccctcgcagacggacagcgccagggagcaatggcagcgcgccgaccgcgatgggctgtggccaatagcggct
gctcagcagggcgcgccgagagcagcggccgggaaggggcggtgcgggaggcggggtgtggggcggtagtgtgggccctgttcctgcccgcgcggtgttccgcattctgcaagcctccg
gagcgcacgtcggcagtcggctccctcgttgaccgaatcaccgacctctctccccaccggtcgccaccatggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtc
gagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgcc
ctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagc
gcaccatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaac
atcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcag
cgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaacgagaagc
gcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaaagcggccgcgtcgagtctagagggcccgtttaaacccgctgatca
gcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatc
gcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatgg 
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ctggggagagatctgcggccgcaggaacccctagtgatggagttggccactccctctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgacgcccgggctttgc
ccgggcggcctcagtgagcgagcgagcgcgcagctgcctgcaggggcgcctgatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatacgtcaaagcaaccatagta
cgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgcca
cgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtggg
ccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgattt
ataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaa
tctgctctgatgccgcatagttaagccagccccgacacccgccaacacccgctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccggg
agctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacgaaagggcctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcagg
tggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaa
ggaagagtatgagccatattcaacgggaaacgtcttgctctaggccgcgattaaattccaacatggatgctgatttatatgggtataaatgggctcgcgataatgtcgggcaatcaggt
gcgacaatctatcgattgtatgggaagcccgatgcgccagagttgtttctgaaacatggcaaaggtagcgttgccaatgatgttacagatgagatggtcagactaaactggctgacgga
atttatgcctcttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccctgggaaaacagcattccaggtattagaagaatatcctgattcag
gtgaaaatattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcctgtttgtaattgtccttttaacagcgatcgcgtatttcgtctcgctcaggcgcaatcacgaatg
aataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaacttttgccattctcaccggattcagtcgtcactca
tggtgatttctcacttgataaccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcggaatcgcagaccgataccaggatcttgccatcctatggaactgcc
tcggtgagttttctccttcattacagaaacggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctcgatgagtttttctaactgtcagac
caagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgtt
ccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgc
cggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagca
ccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcggg
ctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggaca
ggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgattt
ttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgtcctgcaggcagctgcgcgctcg
ctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcgcccggcctcagtgagcgagcgagcgcgcagagagggagtggccaactccatcactaggggttcct
gcggccgcggttcctcagatctgttctttcaagacaagcaacagtactcacataggctgtgggcaatggtcctgtctctcaagaatcccctgccactcctcacacccaccctgggccca
tattcatttccatttgagttgttcttattgagtcatccttcctgtggcagcggaactcactaaggggcccatctggacccgaggtattgtgaagataaattctgagcacctaccccatc
cccagaagggctcagaaataaaataagagccaagtctagtcggtgtttcctgtcttgaaacacaatactgttggccctggaagaatgcacagaatctgtttgtaaggggatatgcacag
aagctgcaagggacaggaggtgcaggagctgcaggcctcccccacccagcctgctctgccttggggaaaaccgtgggtgtgtcctgcaggccatgcaggcctgggacatgcaagcccat
aaccgctgtggcctcttggtttaacagatacgaacctaaactttcaaccacggggttggggttgcgccttttccaaggcagccctgggtttgcgcagggacgcggctgctctgggcgtg
gttccgggaaacgcagcggcgccgaccctgggtctcgcacattcttcacgtccgttcgcagcgtcacccggatcttcgccgctacccttgtgggccccccggcgacgcttcctgctccg
cccctaagtcgggaaggttccttgcggttcgcggcgtgccggacgtgacaaacggaagccgcacgtctcactagtaccctcgcagacggacagcgccagggagcaatggcagcgcgccg
accgcgatgggctgtggccaatagcggctgctcagcagggcgcgccgagagcagcggccgggaaggggcggtgcgggaggcggggtgtggggcggtagtgtgggccctgttcctgcccg
cgcggtgttccgcattctgcaagcctccggagcgcacgtcggcagtcggctccctcgttgaccgaatcaccgacctctctccccaccggtcgccaccatggtgagcaagggcgaggagc
tgttcaccggggtggtgcccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagttc
atctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagcagcacgacttcttcaagtc
cgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctga
agggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaaggtgaacttc
aagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtc
cgccctgagcaaagaccccaacgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaaagcggccgcgtcgagt
ctagagggcccgtttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtc
ctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgc
tggggatgcggtgggctctatggtcaaaacctgtcagtgattgggttccgaatcctcctcctgaaagtggccgggtttaatctgctcatgacgctgcggctgtggtccagctgaggtga
ggggccttgaagctgggagtggggtttagggacgcgggtctctgcgtgcatcctaagctctgagagcaaacctccctgcagggtcttgcttttaagtccaaagcctgagcccaccaaac
tctcctacttcttcctgttacaaattcctcttgtgcaataataatggcctgaaacgctgtaaaatatcctcatttcagccgcctcagttgaacttctcccctatgaggtaggaagaaca
gttgtttagaaacgaagaaactgaggccacacagctaatgagtggaggaagagagacacttgtgtacaccacatgccttgtgttgtacttctctcaccgtgtaacctcctcatgtcctc
tctccccagtacggctctcttagctcagtagaaagaagacattacac 

pAAV_PGK_m
Cherry_RSQ
8443_500HA 

aaatgcttcaataatattgaaaaaggaagagtatgagccatattcaacgggaaacgtcttgctctaggccgcgattaaattccaacatggatgctgatttatatgggtataaatgggct
cgcgataatgtcgggcaatcaggtgcgacaatctatcgattgtatgggaagcccgatgcgccagagttgtttctgaaacatggcaaaggtagcgttgccaatgatgttacagatgagat
ggtcagactaaactggctgacggaatttatgcctcttccgaccatcaagcattttatccgtactcctgatgatgcatggttactcaccactgcgatccctgggaaaacagcattccagg
tattagaagaatatcctgattcaggtgaaaatattgttgatgcgctggcagtgttcctgcgccggttgcattcgattcctgtttgtaattgtccttttaacagcgatcgcgtatttcgt
ctcgctcaggcgcaatcacgaatgaataacggtttggttgatgcgagtgattttgatgacgagcgtaatggctggcctgttgaacaagtctggaaagaaatgcataaacttttgccatt



ctcaccggattcagtcgtcactcatggtgatttctcacttgataaccttatttttgacgaggggaaattaataggttgtattgatgttggacgagtcggaatcgcagaccgataccagg
atcttgccatcctatggaactgcctcggtgagttttctccttcattacagaaacggctttttcaaaaatatggtattgataatcctgatatgaataaattgcagtttcatttgatgctc
gatgagtttttctaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaa
aatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccac
cgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggc
caccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagtt
accggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaagcgccacgc
ttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgc
cacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacat
gtcctgcaggcagctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcgcccggcctcagtgagcgagcgagcgcgcagagagggagtgg
ccaactccatcactaggggttcctgcggccgcggttcctcagatctggaaaggctcttaaaaatgcagcgcaatctccagtgacagaagatactgctagaaatctgctagaaaaaaaac
aaaaaaggcatgtatagaggaattatgagggaaagataccaagtcacggtttattcttcaaaatggaggtggcttgttgggaaggtggaagctcatttggccagagtggaaatggaatt
gggagaaatcgatgaccaaatgtaaacacttggtgcctgatatagcttgacaccaagttagccccaagtgaaataccctggcaatattaatgtgtcttttcccgatattcctcaggtac
tccaaagattcaggtttactcacgtcatccagcagagaatggaaagtcaaatttcctgaattgctatgtgtctgggtttcatccatccgacattgaagttgacttactgaagaatggag
agagaattgaaaaagtggagcattcagacttgtctttcagcaaggactggtctttctatctcttgtactacccacggggttggggttgcgccttttccaaggcagccctgggtttgcgc
agggacgcggctgctctgggcgtggttccgggaaacgcagcggcgccgaccctgggtctcgcacattcttcacgtccgttcgcagcgtcacccggatcttcgccgctacccttgtgggc
cccccggcgacgcttcctgctccgcccctaagtcgggaaggttccttgcggttcgcggcgtgccggacgtgacaaacggaagccgcacgtctcactagtaccctcgcagacggacagcg
ccagggagcaatggcagcgcgccgaccgcgatgggctgtggccaatagcggctgctcagcagggcgcgccgagagcagcggccgggaaggggcggtgcgggaggcggggtgtggggcgg
tagtgtgggccctgttcctgcccgcgcggtgttccgcattctgcaagcctccggagcgcacgtcggcagtcggctccctcgttgaccgaatcaccgacctctctccccactccccaccg
gtcgccaccatggtgagcaagggcgaggaggataacatggccatcatcaaggagttcatgcgcttcaaggtgcacatggagggctccgtgaacggccacgagttcgagatcgagggcga
gggcgagggccgcccctacgagggcacccagaccgccaagctgaaggtgaccaagggtggccccctgcccttcgcctgggacatcctgtcccctcagttcatgtacggctccaaggcct
acgtgaagcaccccgccgacatccccgactacttgaagctgtccttccccgagggcttcaagtgggagcgcgtgatgaacttcgaggacggcggcgtggtgaccgtgacccaggactcc
tccctgcaggacggcgagttcatctacaaggtgaagctgcgcggcaccaacttcccctccgacggccccgtaatgcagaagaagacaatgggctgggaggcctcctccgagcggatgta
ccccgaggacggcgccctgaagggcgagatcaagcagaggctgaagctgaaggacggcggccactacgacgctgaggtcaagaccacctacaaggccaagaagcccgtgcagctgcccg
gcgcctacaacgtcaacatcaagttggacatcacctcccacaacgaggactacaccatcgtggaacagtacgaacgcgccgagggccgccactccaccggcggcatggacgagctgtac
aagtaagcggccgcgtcgagtctagagggcccgtttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctg
gaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattg
ggaagacaatagcaggcatgctggggatgcggtgggctctatggccccactgtaaaagatgagtatgcctgccgtgtgaaccatgtgactttgtcacagcccaagatagttaagtgggg
taagtcttacattcttttgtaagctgctgaaagttgtgtatgagtagtcatatcataaagctgctttgatataaaaaaggtctatggccatactaccctgaatgagtcccatcccatct
gatataaacaatctgcatattgggattgtcagggaatgttcttaaagatcagattagtggcacctgctgagatactgatgcacagcatggtttctgaaccagtagtttccctgcagttg
agcagggagcagcagcagcacttgcacaaatacatatacactcttaacacttcttacctactggcttcctctagcttttgtggcagcttcaggtatatttagcactgaacgaacatctc
aagaaggtataggcctttgtttgtaagtcctgctgtcctagcatcctataatcctggacttctccagtctggggagagatctgcggccgcaggaacccctagtgatggagttggccact
ccctctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgacgcccgggctttgcccgggcggcctcagtgagcgagcgagcgcgcagctgcctgcaggggcgcct
gatgcggtattttctccttacgcatctgtgcggtatttcacaccgcatacgtcaaagcaaccatagtacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcag
cgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggt
tccgatttagtgctttacggcacctcgaccccaaaaaacttgatttgggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttc
tttaatagtggactcttgttccaaactggaacaacactcaaccctatctcgggctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatgagctgattta
acaaaaatttaacgcgaattttaacaaaatattaacgtttacaattttatggtgcactctcagtacaatctgctctgatgccgcatagttaagccagccccgacacccgccaacacccg
ctgacgcgccctgacgggcttgtctgctcccggcatccgcttacagacaagctgtgaccgtctccgggagctgcatgtgtcagaggttttcaccgtcatcaccgaaacgcgcgagacga
aagggcctcgtgatacgcctatttttataggttaatgtcatgataataatggtttcttagacgtcaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttcta
aatacattcaaatatgtatccgctcatgagacaataaccctgat 

Supplementary Table 10 Plasmid sequences used to generate AAV6 as donor template. 
  



Name Sequence 

WT 
AsCas
12a 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYENRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLNLAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQMPTLASGWDVNKEKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP
ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFFFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNGRSSDDEATADSQHAAPPKKKRKVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

AsCas
12 

Ultra 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYENRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLNLAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQRPTLASGWDVNKEKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP
ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFLFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNGRSSDDEATADSQHAAPPKKKRKVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

WT 
LbCas
12a 

MSKLEKFTNCYSLSKTLRFKAIPVGKTQENIDNKRLLVEDEKRAEDYKGVKKLLDRYYLSFINDVLHSIKLKNLNNYISLFRKKTRTEKENKELENLEINLRKEIAKAFKGNEGYKSLFKKDIIE
TILPEFLDDKDEIALVNSFNGFTTAFTGFFDNRENMFSEEAKSTSIAFRCINENLTRYISNMDIFEKVDAIFDKHEVQEIKEKILNSDYDVEDFFEGEFFNFVLTQEGIDVYNAIIGGFVTESGE
KIKGLNEYINLYNQKTKQKLPKFKPLYKQVLSDRESLSFYGEGYTSDEEVLEVFRNTLNKNSEIFSSIKKLEKLFKNFDEYSSAGIFVKNGPAISTISKDIFGEWNVIRDKWNAEYDDIHLKKKA
VVTEKYEDDRRKSFKKIGSFSLEQLQEYADADLSVVEKLKEIIIQKVDEIYKVYGSSEKLFDADFVLEKSLKKNDAVVAIMKDLLDSVKSFENYIKAFFGEGKETNRDESFYGDFVLAYDILLKV
DHIYDAIRNYVTQKPYSKDKFKLYFQNPQFMGGWDKDKETDYRATILRYGSKYYLAIMDKKYAKCLQKIDKDDVNGNYEKINYKLLPGPNKMLPKVFFSKKWMAYYNPSEDIQKIYKNGTFKKGD
MFNLNDCHKLIDFFKDSISRYPKWSNAYDFNFSETEKYKDIAGFYREVEEQGYKVSFESASKKEVDKLVEEGKLYMFQIYNKDFSDKSHGTPNLHTMYFKLLFDENNHGQIRLSGGAELFMRRAS
LKKEELVVHPANSPIANKNPDNPKKTTTLSYDVYKDKRFSEDQYELHIPIAINKCPKNIFKINTEVRVLLKHDDNPYVIGIDRGERNLLYIVVVDGKGNIVEQYSLNEIINNFNGIRIKTDYHSL
LDKKEKERFEARQNWTSIENIKELKAGYISQVVHKICELVEKYDAVIALEDLNSGFKNSRVKVEKQVYQKFEKMLIDKLNYMVDKKSNPCATGGALKGYQITNKFESFKSMSTQNGFIFYIPAWL
TSKIDPSTGFVNLLKTKYTSIADSKKFISSFDRIMYVPEEDLFEFALDYKNFSRTDADYIKKWKLYSYGNRIRIFRNPKKNNVFDWEEVCLTSAYKELFNKYGINYQQGDIRALLCEQSDKAFYS
SFMALMSLMLQMRNSITGRTDVDFLISPVKNSDGIFYDSRNYEAQENAILPKNADANGAYNIARKVLWAIGQFKKAEDEKLDKVKIAISNKEWLEYAQTSVKHGRSSDDEATADSQHAAPPKKKR
KVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

LbCas
12a 
Ultra 

MSKLEKFTNCYSLSKTLRFKAIPVGKTQENIDNKRLLVEDEKRAEDYKGVKKLLDRYYLSFINDVLHSIKLKNLNNYISLFRKKTRTEKENKELENLEINLRKEIAKAFKGNEGYKSLFKKDIIE
TILPEFLDDKDEIALVNSFNGFTTAFTGFFDNRENMFSEEAKSTSIAFRCINENLTRYISNMDIFEKVDAIFDKHEVQEIKEKILNSDYDVEDFFEGEFFNFVLTQEGIDVYNAIIGGFVTESGE
KIKGLNEYINLYNQKTKQKLPKFKPLYKQVLSDRESLSFYGEGYTSDEEVLEVFRNTLNKNSEIFSSIKKLEKLFKNFDEYSSAGIFVKNGPAISTISKDIFGEWNVIRDKWNAEYDDIHLKKKA
VVTEKYEDDRRKSFKKIGSFSLEQLQEYADADLSVVEKLKEIIIQKVDEIYKVYGSSEKLFDADFVLEKSLKKNDAVVAIMKDLLDSVKSFENYIKAFFGEGKETNRDESFYGDFVLAYDILLKV
DHIYDAIRNYVTQKPYSKDKFKLYFQNPQFMGGWDKDKETDYRATILRYGSKYYLAIMDKKYAKCLQKIDKDDVNGNYEKINYKLLPGPNKMLPKVFFSKKWMAYYNPSEDIQKIYKNGTFKKGD
MFNLNDCHKLIDFFKDSISRYPKWSNAYDFNFSETEKYKDIAGFYREVEEQGYKVSFESASKKEVDKLVEEGKLYMFQIYNKDFSDKSHGTPNLHTMYFKLLFDENNHGQIRLSGGAELFMRRAS
LKKEELVVHPANSPIANKNPDNPKKTTTLSYDVYKDKRFSEDQYLLHIPIAINKCPKNIFKINTEVRVLLKHDDNPYVIGIDRGERNLLYIVVVDGKGNIVEQYSLNEIINNFNGIRIKTDYHSL
LDKKEKERFEARQNWTSIENIKELKAGYISQVVHKICELVEKYDAVIALEDLNSGFKNSRVKVEKQVYQKFEKMLIDKLNYMVDKKSNPCATGGALKGYQITNKFESFKSMSTQNGFIFYIPAWL
TSKIDPSTGFVNLLKTKYTSIADSKKFISSFDRIMYVPEEDLFEFALDYKNFSRTDADYIKKWKLYSYGNRIRIFRNPKKNNVFDWEEVCLTSAYKELFNKYGINYQQGDIRALLCEQSDKAFYS
SFMALMSLMLQMRNSITGRTDVDFLISPVKNSDGIFYDSRNYEAQENAILPKNADANGAYNIARKVLWAIGQFKKAEDEKLDKVKIAISNKEWLEYAQTSVKHGRSSDDEATADSQHAAPPKKKR
KVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

enCas
12a 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYRNRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLNLAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQMPTLARGWDVNREKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP



ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFFFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNGRSSDDEATADSQHAAPPKKKRKVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

enCas
12a 
Ultra 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYRNRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLNLAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQRPTLARGWDVNREKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP
ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFLFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNGRSSDDEATADSQHAAPPKKKRKVGGSGGSGGSGGSGGSGGSGGSGGSLEHHHHHH 

enCas
12a* 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYRNRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLNLAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQMPTLARGWDVNREKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP
ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFFFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNKRPAATKKAGQAKKKKGAAALEHHHHHH 

enCas
12a-
Hifi* 

MTQFEGFTNLYQVSKTLRFELIPQGKTLKHIQEQGFIEEDKARNDHYKELKPIIDRIYKTYADQCLQLVQLDWENLSAAIDSYRKEKTEETRNALIEEQATYRNAIHDYFIGRTDNLTDAINKRH
AEIYKGLFKAELFNGKVLKQLGTVTTTEHENALLRSFDKFTTYFSGFYRNRKNVFSAEDISTAIPHRIVQDNFPKFKENCHIFTRLITAVPSLREHFENVKKAIGIFVSTSIEEVFSFPFYNQLL
TQTQIDLYNQLLGGISREAGTEKIKGLNEVLALAIQKNDETAHIIASLPHRFIPLFKQILSDRNTLSFILEEFKSDEEVIQSFCKYKTLLRNENVLETAEALFNELNSIDLTHIFISHKKLETIS
SALCDHWDTLRNALYERRISELTGKITKSAKEKVQRSLKHEDINLQEIISAAGKELSEAFKQKTSEILSHAHAALDQPLPTTLKKQEEKEILKSQLDSLLGLYHLLDWFAVDESNEVDPEFSARL
TGIKLEMEPSLSFYNKARNYATKKPYSVEKFKLNFQMPTLARGWDVNREKNNGAILFVKNGLYYLGIMPKQKGRYKALSFEPTEKTSEGFDKMYYDYFPDAAKMIPKCSTQLKAVTAHFQTHTTP
ILLSNNFIEPLEITKEIYDLNNPEKEPKKFQTAYAKKTGDQKGYREALCKWIDFTRDFLSKYTKTTSIDLSSLRPSSQYKDLGEYYAELNPLLYHISFQRIAEKEIMDAVETGKLYLFQIYNKDF
AKGHHGKPNLHTLYWTGLFSPENLAKTSIKLNGQAELFYRPKSRMKRMAHRLGEKMLNKKLKDQKTPIPDTLYQELYDYVNHRLSHDLSDEARALLPNVITKEVSHEIIKDRRFTSDKFFFHVPI
TLNYQAANSPSKFNQRVNAYLKEHPETPIIGIDRGERNLIYITVIDSTGKILEQRSLNTIQQFDYQKKLDNREKERVAARQAWSVVGTIKDLKQGYLSQVIHEIVDLMIHYQAVVVLENLNFGFK
SKRTGIAEKAVYQQFEKMLIDKLNCLVLKDYPAEKVGGVLNPYQLTDQFTSFAKMGTQSGFLFYVPAPYTSKIDPLTGFVDPFVWKTIKNHESRKHFLEGFDFLHYDVKTGDFILHFKMNRNLSF
QRGLPGFMPAWDIVFEKNETQFDAKGTPFIAGKRIVPVIENHRFTGRYRDLYPANELIALLEEKGIVFRDGSNILPKLLENDDSHAIDTMVALIRSVLQMRNSNAATGEDYINSPVRDLNGVCFD
SRFQNPEWPMDADANGAYHIALKGQLLLNHLKESKDLKLQNGISNQDWLAYIQELRNKRPAATKKAGQAKKKKGAAALEHHHHHH 

*: enCas12a and enCas12a-Hifi with published NLS sequence (Kleinstiver BP., et al., 2019) 

Supplementary Table 11 AsCas12a protein sequences used in this study. 

 


