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Supplementary Figure 1. CDG-Cas9 mediated base editing process. 3 

The CDG-nCas9 complex specifically binds to target genomic DNA loci. CDG directly excises 4 

cytosine (C) to create an apurinic/apyrimidinic (AP) site, and nCas9 cleaves the target strand. Finally, 5 

after DNA repair or replication, C can be converted to various bases. 6 
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Supplementary Figure 2. The editing results of DAF-CBE and TBE at each locus in HEK293T 9 

cells. 10 

a. Cytosine editing outcomes of DAF-CBE at the protospacers from 70 endogenous genomic loci 11 

in HEK293T cells. b. Thymidine editing outcomes of DAF-TBE at the protospacers from 127 12 

endogenous genomic loci in HEK293T cells. c. The editing window of DAF-CBE and DAF-TBE. 13 

The columns represent the average efficiency of cytosine or thymidine at 20 positions of 14 

protospacers from 70 and 127 loci in a and b. Dot, triangle, and diamond symbols represent C-to-15 

G/T-to-G, C-to-T/T-to-C and C-to-A/T-to-A editing of an individual replicate, respectively. Data 16 

represent the mean ± s.d. of n = 3 independent replicates. 17 

 18 

a

b

Editing  efficiency  of  cytosine (%)

0 20 40 60

C3
C8

C15
C19
C20

EMX1-10 TTCTGAACAAGATACTTGCC
C6

C11
C12
C13
C17
C19
C20

EMX1-site4 GTATTCATTTCCCTAGCTCC
C2
C6

C10
C18
C19
C20

EMX1-site5 GCTAACTTACTGTGTAACCC
C3
C5
C8

C10
C11
C17
C20

EMX1-siteC1F GGCACTGCTCCAAGTTCATC
C4
C5
C7

C13
C14
C18

EMX1-siteE1F GAGCCTCGAATGCCAAGCTT
C3
C7

C18
C20

EMX1-siteH1F GGCTATCATAAGAGAATCAC
C5
C9

C12
C15
C16
C17
C18

FANCF-site2 GTAACGAGCTGCATCCCCGA
C3
C4
C9

C11
C12

FANCF-site3 GACCAAAGCGCCGATGGATG

0 20 40 60

C3
C4
C8

C19
C20

Site C19 ATCCAAACTGATGAGGGACC
C1
C2
C3
C5

C10
C12
C13
C18
C19
C20

Site C23 CCCACTTGTCACCTGTTCCC
C5

C13
Site C25 GGATCAAGTTTACATGGTAA

C4
C7
C8

C11
C15
C16
C19

Site C26 TTTCTACCAACAGTCCAACT
C4
C6
C7

Site C27 AAACACCTATATAGAAAGAG
C6
C7

C20
Site C29 GAGTTCCAGTTGTTGGAGAC

C4
C5

C13
C18

Site C31 TTACCTGTTGTACTATTCGA
C2
C3
C4

C14
Site C32 ACCCTATGAAAAACAAGAGA

C1
C6

C10
C17
C18
C19

Site C33 CAATGCAGACTGAGAGCCCA

0 20 40 60

C6
C14
C19

HIRA-1 GTATTCTAGAATGCAGGGCA
C6

C11
C17

PSMB2-1 GTAAACAAAGCATAGACTGA
C2
C6
C7

C17
PSMB2-8 TCAAGCCATGAAAAGACATA

C3
C11
C14

RP11-177B4-5 GGCTTAAATACTACAGGGAA
C2

C14
RP11-582C12-3 GTAGACAAAGATTTGCAAAA

C6
C16

RP11-582C12-9 TATCTTGCAAGAGACTTCTT
C4
C8

C15
C18

RP11-582C12-10 ACTAATAAGATGACTTTTGA
C2
C3
C4
C6

C12
C13
C18
C19

VEGFA-site3 TCCCTCTTTAGCCAGAGCCG
C3
C8
C9

C15
EMX1-11 AGCAGTGCCTGGAACATAGT

C2
C4
C5
C7
C8

C11
C15
C16

EMX1-13 TCTCCACCTGCTTTCCTGGG
C6

EMX1-site1 GAAATCAGAGGAGGAAAAGT

0 20 40 60

C4
C5

C10
C12
C16
C18

Site C34 TTACCGAAACACAGGCACTG
C4
C5
C8

C10
C11
C13
C14
C20

Site C35 GTACCTTCTCCACCAGGATC
C1
C2
C5

C10
C12

Site C36 CCGACAGTTCTCTGGGGATG
C4
C7

C12
Site C37 ATTCAGCTGGTCAAGAAAAG

C5
C7
C8
C9

C16
C19

Site C38 TAATCTCCCAAAAGTCTTCG
C4
C5

C14
Site C39 TGTCCGAGAAGGTCAAGGTG

C1
C2
C4
C6
C7

C10
C12

Site C40 CCTCACCTTCACAAAAGGGA
C3

C13
C15
C18

Site C41 GTCTGTGAATGTCTCTGCTG
C6
C9

C11
C15

Site C42 GGTGTCAGCGCAAACTGGTG

0 20 40 60

C5
C7
C9

C13
C14
C15

EMX1-site3 GGAGCACACATGCCCAGGTG
C3
C4
C5
C7

C10
C11
C15
C18
C20

PPP1R12C site4 GACCCTCAGCCGTGCTGCTC
C3
C6

C12
C17

PPP1R12C-1 TTCAGCAGGTGCTAAGCAGA
C3
C7

C12
C16
C20

PSMB2-6 TACAGGCGAAACAGGCAGAC
C2
C6
C9

C20
PSMB2-7 ACATACTTCATTTGTTATGC

C3
C6

C12
C17
C18

RNF2 GTCATCTTAGTCATTACCTG
C4
C6

C12
C15
C16
C18
C20

RP11-399K21-2 GTACACTTGTGCAACCTCAC
C4
C7

C11
C13
C15
C16
C19
C20

VEGFA-site2 GGTCAGCGGACTCACCGGCC

0 20 40 60

C3
C4
C7

C12
Site C43 TTCCTGCAAAACAAAGATGA

C1
C5
C6

C11
C15
C16
C18
C20

Site C44 CTTACCTTATCTAACCGCTC
C4
C8

C13
C15
C16
C19

Site C45 GAACATTCAGATCGCCGACG
C1
C3
C4
C7
C8
C9

C11
C12
C18

Site C46 CACCATCCCGCCTAGGACAG
C1
C2
C4
C5

C12
C18

Site C47 CCTCCTGTTGACAAGAACAG
C3
C4
C7
C8

C11
C16
C18

Site C48 TTCCTACCTGCAAATCGCAG
C4
C5
C7

C12
C14
C17
C18
C19

Site C49 TTACCTCAAAGCTCGTCCCA

0 20 40 60

C4
C6

C11
C17
C20

VISTA hs267 GAACACAAAGCATAGACTGC
C3
C7
C8

C10
C17

Site C3 TGCTTACCACTGGAAGCTGG
C3
C4
C5

C13
C18

Site C4 TGCCCAGATGGACAAAGCAA
C7
C8
C9

C12
C13
C18

Site C6 TGTATACCCAGCCAGTTCGT
C4
C6
C8
C9

C11
C17
C18

Site C10 AAACTCTCCACTTGAGCCAG
C1
C5
C6
C9

C17
C18
C20

Site C12 CTTACCTTCTTGGAAGCCTC
C4
C9

C11
C15
C20

Site C17 GTACAAGTCACTGTCGGTGC
C6
C8

C14
C16
C18

Site C18 GGGAGCTCTGTGGCACACGG

0 20 40 60

C1
C3
C4

C10
C11
C12
C14
C17
C18

Site C50 CTCCAGATTCCCTCTACCAA
C5
C6

C12
C14
C15
C16

Site C51 TGATCCAGAAGCTCCCTGAG
C2
C5

C13
C16
C19

Site C52 ACTTCGAATGAACTACATCA
C5

C11
C18

Site C54 GAAACAATGGCTAATGACTG
C6

C12
C18
C19

Site C55 TATGGCAAAAACTGTATCCG
C2
C3
C4

C10
Site C56 TCCCAGATACAGAAGTTGAG

C5
C8

C17
Site C57 TTATCATCTGGAATGGCAGA

C3
C4
C5

C10
C13
C19

Site C58 TTCCCAGAACTGCAAGGGCA
C2
C4
C7
C8

C15
Site C59 TCACAGCCTGATGACAAGAG

C1
C4
C7
C9

C20
Site C60 CGTCTGCACAAGAAGAAGAC

Editing  efficiency  of  thymidine (%)

0 20 40 60

T5
T20

EMX1-site1 GAAATCAGAGGAGGAAAAGT
T6

T11
T19
T20

EMX1-siteE1F GAGCCTCGAATGCCAAGCTT
T6

T13
T14
T16

EMX1-T2 AGCCATAGACCCTTCTCACA
T2
T4
T5
T7

T12
HIRA-1 GTATTCTAGAATGCAGGGCA

T2
T13
T18

PSMB2-1 GTAAACAAAGCATAGACTGA
T4
T7
T8

T11
T12
T13
T15
T16
T18

PSMB2-7 ACATACTTCATTTGTTATGC
T1
T9

T19
PSMB2-8 TCAAGCCATGAAAAGACATA

T4
T5
T9

T12
RP11-177B4-5 GGCTTAAATACTACAGGGAA

T2
T4

T10
T15
T19
T20

RP11-177B4-7 GTATAAGGATAAGATAACTT
T6

T17
RP11-582C12-4 AAAGATAAGAAAGAGATACA

0 20 40 60

T1
T6

T10
T11
T12

Site T8 TGGGATCAGTTTCACAAGCG
T1
T5

T14
T16
T18

Site T9 TACATACACAGAATGTCTGA
T1
T5
T6
T9

T10
T14
T18
T19

Site T10 TACATTAGTTAGGTACGTTG
T5
T6

T10
T11

Site T11 CCCCTTACCTTCAAGGAAGG
T2
T7
T9

T17
Site T12 ATAAACTCTGAGGAAGTAAG

T3
T12
T14
T20

Site T13 AATGAGCCACCTCTGAAACT
T2

T14
T17
T18

Site T14 GTAAACCCAGCCGTCCTTGG
T4
T5

T10
T13

Site T15 CCATTCCAGTCCTCCCGGAG
T2
T3
T8

T19
Site T16 CTTACACTAAACACAGGATC

T3
T4
T6
T9

Site T17 GATTCTCCTGCAGCGGGGAG

0 20 40 60

T3
T10
T17

Site T103 AGTGGCAAGTGGCGAGTCGC
T3
T6
T8
T9

T19
Site T105 ACTCATCTTCAAGACAGCTC

T2
T8
T9

T14
T15
T16
T19

Site T106 CTCACAGTTCCGGTTTGCTG
T3

T18
Site T108 AATACAACACACCCAAATAC

T5
Site T110 GCCCTCACCCACGCGGAAGC

T5
T12
T14
T15

Site T111 GGACTCACCGATATTGGCAG
T4

T11
T14
T16
T18

Site T112 GCATGGCCCCTGGTATGTGG
T4
T5

T13
Site T115 AGCTTACCGAGCTGGACAAG

T5
T10
T16

Site T117 AACCTCACCTGCACCTGAGC
T3
T5
T8

T10
T19

Site T118 ACTATGATCTGAAAGGGATG
T2
T3
T9

T15
T17

Site T119 CTTCGAGGTAAGCCTGTCCC
T3

T13
Site T120 CATCCAGCAAGGTGAGCCGG

0 20 40 60

T4
T15

RP11-582C12-5 GACTGAGAACCGGATAACCA
T4
T9

T11
T13

VEGFA-4 GCATAGCCTCTGTGGAGGCA
T4
T5
T8

T12
T16

VEGFA-5 GGGTTAGTCAGTGACTGGGA
T4

T16
T18
T20

VEGFA-site1 GGCTAGCACCAGCGCTCTGT
T5

T13
T20

Site T1 CACCTCAGCCCATCCCAGGT
T5

T11
T12
T13

Site T2 ACACTCACAGTTTCCAGACC
T4

T12
Site T3 GCATCAACGAATAAAAGAAC

T2
T11
T14
T17
T19

Site T4 GTGGGCCAGGTGATCCTCTA
T4
T5

T11
T14
T20

Site T5 AAATTGCAAATCCTGAGAGT
T5

T10
Site T6 AGCATCAGATAGACCACACA

T3
T13
T15
T17

Site T7 GATCAGCCAGGCTGTGTGAA

0 20 40 60

T4
T5

T10
T20

Site T31 GAATTGCAGTCGGCGGCGGT
T4
T5
T9

T11
T12
T13
T19

Site T33 CCATTACCTCTTTCACACTG
T2
T9

T10
T13

Site T34 ATGAACCATTCCTGCGCCGG
T3
T9

Site T35 GATCAACCTAGCGGCGGCGG
T3

T12
T14
T15

Site T36 GATGAACCAGCTCTTGAGCA
T3
T4

T12
T13
T15
T16

Site T37 AATTCCAGAAATTATTCCCA
T3
T7

T13
T15
T19

Site T38 AGTCAATCGAGATCTCACTG
T4

T12
T13
T18

Site T40 CGATGAACCACTTCCACTCG
T5

T14
T19

Site T41 AACCTGAGCAAAATAACATG
T3

T11
T17
T20

Site T43 AATGAGCAACTGCCCATGCT

0 20 40 60

T1
T9

T10
T14
T15
T18

Site T77 TCAGGGGCTTGCCTTGATCC
T2
T4
T5

T11
T17

Site T78 GTCTTCAAAGTGGAAATACC
T1
T2
T6
T7

T19
Site T79 TTACCTTGAGGACCGGGGTC

T5
T8

T12
T18

Site T80 ACCCTACTACATCAACCTGG
T6

T12
T15
T20

Site T81 CAACATCCAGATCATCGAGT
T10
T16
T18

Site T82 CCCAGCCGATGGAAGTGTGA
T5

T11
T14
T15
T18
T20

Site T84 CAAATGCAGATGATTCCTGT
T5

T14
Site T85 AGCCTGCCAACCCTCAGCAA

T2
T7
T8

T13
Site T86 CTCACCTTCAGCTGAAGGGA

T3
T5

T10
T11
T16

Site T87 GATCTCACCTTGAACTGCCC

0 20 40 60

T2
T4
T5
T8

T13
T14
T16
T19

Site T67 CTATTCCTACCATTCTGATG
T1
T7

T14
T15

Site T68 TAACCATGCCACATTGAGCC
T2
T3
T6

T11
Site T69 ATTGATCAGATGAGAAGAGA

T5
T6

T10
T11
T15

Site T71 GCCCTTCCATTCACTGAGCA
T1
T2
T3

T13
Site T72 TTTACAGAAGAATCAAGACC

T1
T2
T6

T14
T15

Site T73 TTACCTGGAAGAATTGGCAC
T2
T4

T11
T12
T15
T18
T19

Site T74 ATGTGCCCGATTCATCGTTG
T3

T12
Site T75 GGTGAACCAGATGACGCACG

T3
T4
T6
T7
T9

T10
T15
T19

Site T76 GGTTCTTCTTCAGGTCGGTG

0 20 40 60

T3
T10
T12
T13
T16

Site T56 AATGAGCAGTCTTCCTCCAA
T5
T6
T8

T15
Site T57 AACATTCTGGAAAATAAGAC

T4
T6
T8

T11
Site T59 GCATCTGTGGTGGAGCAGAG

T4
T5

T13
T18
T19

Site T60 GCATTCAACGACTGCAATTG
T4

T14
Site T61 AGCTCAACAGGAGTCAGCGC

T1
T10
T11
T16

Site T62 TGGAGCCAGTTACCGTCACA
T1
T4

T10
T11
T16
T18

Site T63 TGCTCCCCATTGGCCTCTCG
T2

Site T64 CTGAGCAGGCCGGGACACCG
T3
T5

T15
T20

Site T65 CATCTCGCAGCAGCTCGGCT
T1
T2

T13
T15
T18

Site T66 TTACCCCCAACATCTGGTGG

0 20 40 60

T3
T7

T14
T19

Site T44 AGTCAATCGAAAGTCAGGTG
T4
T5

T15
T17

Site T45 ACATTGCAGAAGGCTCTCAA
T3
T4

T11
T14

Site T46 AGTTACAGGCTGCTACCGCA
T3

T15
T19

Site T47 CCTCAGCCGAGACATGGATG
T2
T5
T6

T13
T18

Site T48 GTCATTGACAGATAAAGTCC
T4
T9

T10
T13

Site T49 AGATCAGGTTCATCAAGCAA
T4
T8

T10
T12
T18
T19

Site T50 CAATCAGTCTGTGGGAATTG
T4
T5

T11
T13

Site T52 ACCTTCAGCCTCTCCAGAGA
T1
T5

T11
T16
T19

Site T53 TAAATCAGACTGCCCTGGTA
T3
T8

T10
T11
T12

Site T54 AATCAGATCTTTCCCAAGAC
T3

T18
Site T55 AATGAACAAGAGCACCATGC

0 20 40 60

T5
T8
T9

T11
T13
T14
T17
T20

Site T89 GGCCTGATTCTGTTCCTCGT
T3

T11
T15
T20

Site T91 ACTCACCAGCTCGATGCCCT
T4
T6
T8

Site T92 CCGTCTGTGAACCAAGGCAG
T4
T7
T8

Site T94 AGATACTTACGACAGCGCCA
T1
T2
T4

T17
T19

Site T95 TTATCGAAGAAAAGGGTCTG
T3
T8

T10
T16

Site T96 ACTCACCTGTGCACCTCAGG
T2
T3

Site T97 CTTCAGAAGAGAGAGAAGAG
T3
T6

T11
T12
T16

Site T98 AATAATCCAGTTGCATGAGA
T4
T6
T8

Site T99 CCATCTGTGGGAAAAGAGGA
T6
T7

T12
T14
T17

Site T101 CAGACTTACAGTGTGCTGGA
T3
T7

T12
Site T102 AATCACTCAACTAAGAGGCC

0 20 40 60

T1
T2
T4

T13
T16
T17

EMX1-10 TTCTGAACAAGATACTTGCC
T3
T7
T8

T11
T13
T15

EMX1-site5 GCTAACTTACTGTGTAACCC
T4
T6
T9

T17
EMX1-siteH1F GGCTATCATAAGAGAATCAC

T6
T9

T16
T19

EMX1-T1 GGAAATAATAAGACCTGCTG
T2

T10
T14

FANCF-site2 GTAACGAGCTGCATCCCCGA
T4
T7

T13
T16
T17

FANCF-site4 GCATACTAAGGCTGGTTAAC
T2
T5
T7
T8
T9

HIRA-2 GTCATCTTTACCCCAGAGCG
T1

PSMB2-6 TACAGGCGAAACAGGCAGAC
T3

T12
T14
T17
T18

RP11-177B4-6 GCTACACAAAGTATGGTTCA
T4
T7
T8

T10
T11
T17

RP11-582C12-2 GAATACTTCTTCAGAGTCCC

C-to-A

C-to-T

C-to-G

T-to-A

T-to-C

T-to-G

c

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20
0

10

20

30

E
d

it
in

g
e
ff

ic
ie

n
c

y
o

f
c

y
to

s
in

e
 (

%
)

C-to-A

C-to-T

C-to-G

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19 T20
0

10

20

30

E
d

it
in

g
e
ff

ic
ie

n
c

y
o

f 
 t

h
y

m
id

in
e

 (
%

)

T-to-A

T-to-C

T-to-G



3 

 

 19 

Supplementary Figure 3. The editing efficiency and position of DAF-CBE and TBE at each 20 

locus in HEK293T cells. 21 

a. The color-coded cells in the heatmap represent the C-to-G, C-to-T and C-to-A editing of DAF-22 

CBE across the protospacers (PAM is at positions 21–23) from the 70 endogenous genomic loci in 23 

HEK293T cells. b. The color-coded cells in the heatmap represent the T-to-G, T-to-C and T-to-A 24 

editing of DAF-TBE across the protospacers from the 127 endogenous genomic loci in HEK293T 25 

cells. Each cell in the heatmaps represents the mean of three independent biological replicates. The 26 

editing loci we randomly selected for DAF-CBE/ DAF-TBE editing were designated SiteCx/ SiteTx 27 

or gene names. 28 
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Supplementary Figure 4. Evaluation of off-Target effects of DAF-CBE and DAF-TBE.  30 

a. Cas9-independent off-target editing (CIOE) detected by the orthogonal R-loop assay at each R-31 

loop site induced by DAF-CBE and DAF-TBE in HEK293T cells. b. RNA off-target editing induced 32 

by DAF-CBE and DAF-TBE. P values were calculated by the Paired two-sided t-test, and P < 0.05 33 

was considered significant. NS P > 0.05; *P < 0.05. The bars represent the average values, and the 34 

error bars represent the SD of n = 3 independent biological replicates. 35 

 36 
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Supplementary Figure 5. Correction of disease-relevant SNVs using DAF-CBE and TBE. 38 

a. The editing results of 8 disease-relevant SNVs using DAF-CBE. b. The editing results of 8 39 

disease-relevant SNVs using DAF-TBE. c. Cas9-dependent off-target DNA editing in HEK293T 40 

cells induced by DAF-CBE, TBE compared with SPRY- DAF-CBE, TBE. In a and b, the target 41 

base is bolded and has a subscript indicating its position number. In c, mismatched nucleotides in 42 

off-target sequences are indicated in lowercase letters. Data represent the mean ± s.d. of n = 3 43 

independent replicates. P values were calculated by the Paired two-sided t-test, and P < 0.05 was 44 

considered significant. NS P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  45 

 46 

 47 
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Supplementary Figure 6. Editing activities of DAF-CBE and TBE variants in HEK293T cells. 49 

a. The editing efficiency and purity of reconstructed DAF-CBEs. b. The editing efficiency and 50 

purity of reconstructed DAF-TBEs. The composition diagram of DAF-CBEs /DAF-TBEs is shown 51 

in the upper right corner. The bars represent the editing efficiency and the T-to-C/T-to-G fractions 52 

of all cytosines in protospacers. c. Comparison of cytosine editing outcomes of DAF-CBE and 53 

CDG4-CP1249 at the protospacers from 29 endogenous genomic loci in HEK293T cells, excluding 54 

the four genomic loci shown in Fig. 6a. d. Comparison of thymidine editing outcomes of DAF-TBE 55 

and TDG3-CP1249 at the protospacers from 17 endogenous genomic loci in HEK293T cells, 56 

excluding the four genomic loci shown in Fig. 6b. e. The editing window of CDG4-CP1249 and 57 

TDG3-CP1249. The columns represent the average efficiency of cytosine or thymidine at 20 58 
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positions of protospacers from 33 and 21 loci. Dot, triangle, and diamond symbols represent C-to-59 

G/T-to-G, C-to-T/T-to-C, and C-to-A/T-to-A editing outcomes of an individual replicate in c, d and 60 

e, respectively. The data presented are the mean ± s.d. of n = 3 independent replicates. f. The indel 61 

frequencies of DAF-CBE, CDG4-CP1249, DAF-TBE and TDG3-CP1249 at 70, 33, 127 and 21 62 

genomic loci. 63 

 64 

 65 

Supplementary Figure 7. Editing activities of DAF-CBE and TBE variants in HEK293T cells. 66 

a. The color-coded cells in the heatmap represent the C-to-G, C-to-T and C-to-A editing of CDG4-67 

CP1249 (DAF-CBE2) across the protospacers (PAM is at positions 21–23) from the 33 endogenous 68 

genomic loci in HEK293T cells. b. The color-coded cells in the heatmap represent the T-to-G, T-to-69 

C and T-to-A editing of TDG3-CP1249 (DAF-TBE2) across the protospacers from the 21 70 

endogenous genomic loci in HEK293T cells. Each cell in the heatmaps represents the mean of three 71 

independent biological replicates. 72 
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Supplementary Table 1. The protospacer sequences of gRNA expression plasmids in E. coli 74 

Plasmids  Protospacer sequences 

pTrpB96stop  GCAACGCCTGCCCCAGCA

CC TGG 

pTrpB230stop ACACAGGCGATAACGGCA

TC CGG 

pTrpB96reverse GTCAGGCCTGCCCCAGCA

CC TGG 

pTrpB230reverse ACTCAGGCGATAACGGCA

TC CGG 

pTrpB96stop and pTrpB230stop were used for construction of E. coli (TrpB Leu96*/Cys230*); 75 

pTrpB96reverse and pTrpB230reverse were used for correction of stop mutations in E. coli (TrpB 76 

Leu96*/Cys230*). 77 

 78 

Supplementary Table 2. Amino acid mutations of CDG variants from 25 rounds evolution 79 

 80 

Conserved amino acids are highlighted. The five variants shown in Fig. 2a were bolded. The 81 

mutations of linker were list behind CDG. 82 

 83 

  84 
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Supplementary Table 3. Amino acid mutations of TDG variants from 33 rounds evolution 85 

 86 

Conserved amino acids are highlighted. The five variants shown in Fig. 2b were bolded. The 87 

mutations of linker were list behind TDG. 88 

 89 

Supplementary Table 4. The editing efficiency of PE5max. 90 

 91 

 92 

Supplementary Table 5. The Cas9-independent off-target sites. 93 

Loci R-loop sequencesa Sequence ID 

RP11-363D24 TCTGCTTC8TC10C11AGCCCTGGC CTGGGT AL359552.16 

HSPD1 ATCTC5ACTC9GGGCTTATGCC AAAGAT NG_008915.1 

HIRA-3 ATC3GCC6AAGCTC12ATC15CTGGG AGAAGT NG_009231.2 

RP11-363D24 TCT3GCT6T7CT9CCAGCCCT17GGC CTGGGT AL359552.16 

HSPD1 ATCT4CACTCGGGCTTAT17GCC AAAGAT NG_008915.1 

HIRA-3 ATCGCCAAGCT11CAT14CCT17GGG AGAAGT NG_009231.2 

aSubscript numbers indicate edited cytosines or thymines. All these sequence were designed 94 

using Cas-OFFinder1 95 

 96 

https://www.ncbi.nlm.nih.gov/nucleotide/AL359552.16?report=genbank&log$=nuclalign&blast_rank=1&RID=PSZ62NAE016
https://www.ncbi.nlm.nih.gov/nucleotide/NG_008915.1?report=genbank&log$=nuclalign&blast_rank=1&RID=PT0DY8EE013
https://www.ncbi.nlm.nih.gov/nucleotide/NG_009231.2?report=genbank&log$=nuclalign&blast_rank=1&RID=0H07U3FS014
https://www.ncbi.nlm.nih.gov/nucleotide/AL359552.16?report=genbank&log$=nuclalign&blast_rank=1&RID=PSZ62NAE016
https://www.ncbi.nlm.nih.gov/nucleotide/NG_008915.1?report=genbank&log$=nuclalign&blast_rank=1&RID=PT0DY8EE013
https://www.ncbi.nlm.nih.gov/nucleotide/NG_009231.2?report=genbank&log$=nuclalign&blast_rank=1&RID=0H07U3FS014
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Supplementary Table 6. Disease-associated SNVs used for creating disease models 97 

Diseases Disease-associated SNVs References 

Hereditary pulmonary alveolar 

proteinosis 

NM_001089.3(ABCA3):c.2880G>C 

(p.Leu960Phe) 
Garmany et al.2 

Hypertrophic cardiomyopathy 
NM_000256.3(MYBPC3):c.2526C>A 

(p.Tyr842Ter) 
Marston et al.3 

Familial hypercholesterolemia 
NM_000527.5(LDLR):c.1467C>G 

(p.Tyr489Ter) 
Marduel et al.4 

Primary ciliary dyskinesia NM_080860.4(RSPH1):c.1A>C (p.Met1Leu) Kott et al.5 

Spastic paraplegia NM_014231.5(VAMP1):c.340+2T>G Bourassa et al.6 

Thrombophilia due to protein C 

deficiency 

NM_000312.4(PROC):c.541T>G 

(p.Phe181Val) 
Inoue et al.7 

 98 

  99 
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Supplementary Table 7. Disease-associated SNVs targeted for correction using SpRY-DAF-100 

CBE/TBE 101 

Diseases Disease-associated SNVs References 

WDR62 primary microcephaly 

(WDR62-MCPH) 

NM_001083961.2(WDR62):c.2655C>G 

(p.Tyr885Ter) 
Verloes et al.8 

glutaric acidemia type 1 (GA-1) 
NM_000159.4(GCDH):c.456C>G 

(p.Ile152Met) 
Hedlund et al.9 

Hereditary multiple 

osteochondromas (HMO) 

NM_207122.2(EXT2):c.426C>G 

(p.Tyr142Ter) 
Wuyts et al.10 

Familial hypocalciuric 

hypercalcemia (HHC) 

NM_000388.4(CASR):c.115C>G 

(p.Pro39Ala) 

Christensen et 

al.11 

Cystic fibrosis (CF) 
NM_000492.4(CFTR):c.1301C>G 

(p.Ser434Ter) 
Elborn12 

Tuberous sclerosis complex 

(TSC) 

NM_000548.5(TSC2):c.4950C>G 

(p.Tyr1650Ter) 
Northrup et al.13 

SETBP1 haploinsufficiency 

disorder (SETBP1-HD) 

NM_015559.3(SETBP1):c.3032C>G 

(p.Ser1011Ter) 
Morgan et al.14 

Leber congenital amaurosis 

(LCA) 

NM_000180.4(GUCY2D):c.2988C>G 

(p.Tyr996Ter) 
Tsang et al.15 

Cystic fibrosis (CF) 
NM_000492.4(CFTR):c.3276C>A 

(p.Tyr1092Ter) 
Elborn12 

BRCA1- and BRCA2-

associated hereditary breast and 

ovarian cancer (HBOC) 

NM_007294.4(BRCA1):c.3211G>T 

(p.Glu1071Ter) 
Petrucelli et al.16 

Dilated cardiomyopathy 

(DCM) 

NM_001267550.2(TTN):c.94291G>T 

(p.Glu31431Ter) 

Vaikhanskaya et 

al.17 

Gaucher disease (GD) 
NM_000157.4(GBA):c.1279G>T 

(p.Glu427Ter) 

Stirnemann et 

al.18 

COL1A1/2 osteogenesis 

imperfecta (COL1A1/2-OI) 

NM_000088.4(COL1A1):c.652G>T 

(p.Gly218Cys) 
Steiner et al.19 

Hereditary multiple 

osteochondromas (HMO) 

NM_000127.3(EXT1):c.115G>T 

(p.Glu39Ter) 
Wuyts et al.10 

Maple syrup urine disease 

(MSUD) 

NM_000709.4(BCKDHA):c.137C>A 

(p.Ser46Ter) 

Blackburn et 

al.20 

Mucopolysaccharidosis type 

VII (MPS VII) 

NM_000181.4(GUSB):c.107G>T 

(p.Arg36Leu) 
Holtz et al.21  

 102 

 103 

 104 
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Supplementary Table 8. Induction conditions of CDG-nCas9/TDG-nCas9 in E. coli (with 105 

trpB Leu96*/Cys230*, gRNA) 106 

Rounds Induction conditions of CDG-nCas9 in 

E. coli (TrpB Leu96*, gRNA) 

Rounds Induction conditions of TDG-nCas9 in 

E. coli (TrpB Cys230*, gRNA) 

1~3 L-arabinose (2 g/L), 24h 1~4 L-arabinose (2 g/L), 24h 

4~5 L-arabinose (2 g/L), 12h 5~6 L-arabinose (2 g/L), 12h 

6~7 L-arabinose (2 g/L), 6h 7~8 L-arabinose (2 g/L), 6h 

8~9 L-arabinose (2 g/L), 3h 9~10 L-arabinose (2 g/L), 3h 

10~12 L-arabinose (1 g/L), 3h 11~12 L-arabinose (1 g/L), 3h 

13 L-arabinose (0.4 g/L), 3h 13~14 L-arabinose (0.4 g/L), 3h 

14 L-arabinose (0.2 g/L), 3h 15~18 L-arabinose (0.2 g/L), 3h 

15~18 L-arabinose (0.1 g/L), 3h 19~26 L-arabinose (0.1 g/L), 3h 

19~25 L-arabinose (0.05 g/L), 3h 27~30 L-arabinose (0.05 g/L), 3h 

  31~33 No L-arabinose, 3h 

The concentration of L-arabinose and induction duration decreased as evolution progressed. 107 

 108 

Supplementary Table 9. The protospacer, 3' extension and linker sequences of pegRNA 109 

Target 

sites 

pegRNA spacer 3' extension sequences Linker  Nicking gRNA 

spacer 

EMX1-T2 AGCCTTGTGAGA

AGGGTCTA 

GCTCTGAGCCAGAGACCCTT

CTCACAAG 

TAATACGA CAGACCGTCA

CATTAGCTCC 

PSMB2-1 ATGAGGAAAGG

GACTAGAGT 

GAGGAAACAAAGCATAGACT

GAGGGGTACAATCCTACTCT

AGTCCCTTTCCTC 

TAATTTAA ACCATCTTTTG

TACACTCAG 

RP11-

582C12-4 

GCTGGAGAAAA

GACAGAAAG 

TCTTCTCTTTCCTCTTTCTGT

CTTTTCTCCA 

TACCCGTT TGTCTTTTCTC

CAGCTACTG 

HIRA-1 CTGCCCTGCATT

CTAGAATA 

ATACAAACCGTAGTCTAGAAT

GCAGGGC 

CCTCAAAT TCTCTGAACAG

AAAGCTGTG 

EMX1-

site1 

GGGTGGGGAAA

AGGAGGAGG 

TGCTTTCTTCCCCCTCCTCCT

TTTCC 

AATGTAAA TTTCCCCCTCT

CCTGTCTCC 

RP11-

177B4-5 

ACCATTACGCCC

ATGACCCA 

TATTTCAGCCCTGGGTCATGG

GCGTAA 

CTCCTCAT CCCTGTAGTAT

TTCAGCCCT 

All of these sequences were designed using pegFinder22, except for linker sequence which was 110 

designed using pegLIT23. 111 

  112 
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Supplementary Sequences 1. DNA sequences of inactive trpB genes in E. coli 113 

genome used in this study. Sop mutations are highlighted in yellow and the 114 

complementary bases which should be edited are shown in red. 115 

 116 

Gene sequence of TrpB Leu96*: 117 

ATGACAACATTACTTAACCCCTATTTTGGTGAGTTTGGCGGCATGTACGTGC118 

CACAAATCCTGATGCCTGCTCTGCGCCAGCTGGAAGAAGCTTTTGTCAGTG119 

CGCAAAAAGATCCTGAATTTCAGGCTCAGTTCAACGACCTGCTGAAAAAC120 

TATGCCGGGCGTCCAACCGCGCTGACCAAATGCCAGAACATTACAGCCGG121 

GACGAACACCACGCTGTATCTCAAGCGTGAAGATTTGCTGCACGGCGGCG122 

CGCATAAAACTAACCAGGTGCTGGGGCAGGCCTGACTGGCGAAGCGGATG123 

GGTAAAACCGAAATCATCGCCGAAACCGGTGCCGGTCAGCATGGCGTGGC124 

GTCGGCCCTTGCCAGCGCCCTGCTCGGCCTGAAATGCCGTATTTATATGGGT125 

GCCAAAGACGTTGAACGCCAGTCGCCTAACGTTTTTCGTATGCGCTTAATG126 

GGTGCGGAAGTGATCCCGGTGCATAGCGGTTCCGCGACGCTGAAAGATGC127 

CTGTAACGAGGCGCTGCGCGACTGGTCCGGTAGTTACGAAACCGCGCACT128 

ATATGCTGGGCACCGCAGCTGGCCCGCATCCTTATCCGACCATTGTGCGTGA129 

GTTTCAGCGGATGATTGGCGAAGAAACCAAAGCGCAGATTCTGGAAAGAG130 

AAGGTCGCCTGCCGGATGCCGTTATCGCCTGTGTTGGCGGCGGTTCGAATG131 

CCATCGGCATGTTTGCTGATTTCATCAATGAAACCAACGTCGGCCTGATTGG132 

TGTGGAGCCAGGTGGTCACGGTATCGAAACTGGCGAGCACGGCGCACCGC133 

TAAAACATGGTCGCGTGGGTATCTATTTCGGTATGAAAGCGCCGATGATGCA134 

AACCGAAGACGGGCAGATTGAAGAATCTTACTCCATCTCCGCCGGACTGG135 

ATTTCCCGTCTGTCGGCCCACAACACGCGTATCTTAACAGCACTGGACGCG136 

CTGATTACGTGTCTATTACCGATGATGAAGCCCTTGAAGCCTTCAAAACGCT137 

GTGCCTGCACGAAGGGATCATCCCGGCGCTGGAATCCTCCCACGCCCTGGC138 

CCATGCGTTGAAAATGATGCGCGAAAACCCGGATAAAGAGCAGCTACTGG139 

TGGTTAACCTTTCCGGTCGCGGCGATAAAGACATCTTCACCGTTCACGATAT140 

TTTGAAAGCACGAGGGGAAATCTGA 141 

 142 
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 143 

Gene sequence of TrpB Cys230*: 144 

ATGACAACATTACTTAACCCCTATTTTGGTGAGTTTGGCGGCATGTACGTGC145 

CACAAATCCTGATGCCTGCTCTGCGCCAGCTGGAAGAAGCTTTTGTCAGTG146 

CGCAAAAAGATCCTGAATTTCAGGCTCAGTTCAACGACCTGCTGAAAAAC147 

TATGCCGGGCGTCCAACCGCGCTGACCAAATGCCAGAACATTACAGCCGG148 

GACGAACACCACGCTGTATCTCAAGCGTGAAGATTTGCTGCACGGCGGCG149 

CGCATAAAACTAACCAGGTGCTGGGGCAGGCGTTGCTGGCGAAGCGGATG150 

GGTAAAACCGAAATCATCGCCGAAACCGGTGCCGGTCAGCATGGCGTGGC151 

GTCGGCCCTTGCCAGCGCCCTGCTCGGCCTGAAATGCCGTATTTATATGGGT152 

GCCAAAGACGTTGAACGCCAGTCGCCTAACGTTTTTCGTATGCGCTTAATG153 

GGTGCGGAAGTGATCCCGGTGCATAGCGGTTCCGCGACGCTGAAAGATGC154 

CTGTAACGAGGCGCTGCGCGACTGGTCCGGTAGTTACGAAACCGCGCACT155 

ATATGCTGGGCACCGCAGCTGGCCCGCATCCTTATCCGACCATTGTGCGTGA156 

GTTTCAGCGGATGATTGGCGAAGAAACCAAAGCGCAGATTCTGGAAAGAG157 

AAGGTCGCCTGCCGGATGCCGTTATCGCCTGAGTTGGCGGCGGTTCGAATG158 

CCATCGGCATGTTTGCTGATTTCATCAATGAAACCAACGTCGGCCTGATTGG159 

TGTGGAGCCAGGTGGTCACGGTATCGAAACTGGCGAGCACGGCGCACCGC160 

TAAAACATGGTCGCGTGGGTATCTATTTCGGTATGAAAGCGCCGATGATGCA161 

AACCGAAGACGGGCAGATTGAAGAATCTTACTCCATCTCCGCCGGACTGG162 

ATTTCCCGTCTGTCGGCCCACAACACGCGTATCTTAACAGCACTGGACGCG163 

CTGATTACGTGTCTATTACCGATGATGAAGCCCTTGAAGCCTTCAAAACGCT164 

GTGCCTGCACGAAGGGATCATCCCGGCGCTGGAATCCTCCCACGCCCTGGC165 

CCATGCGTTGAAAATGATGCGCGAAAACCCGGATAAAGAGCAGCTACTGG166 

TGGTTAACCTTTCCGGTCGCGGCGATAAAGACATCTTCACCGTTCACGATAT167 

TTTGAAAGCACGAGGGGAAATCTGA 168 

  169 
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Supplementary Sequences 2. Amino acid sequences of DAF-CBE and TBE 170 

SV40 NLS are shown in blue; 171 

CDG4 or TDG3 are shown in green;  172 

Linker are shown in orange; 173 

nCas9 are shown in purple; 174 

Nucleoplasmin NLS are shown in black; 175 

The mutations generated in evolution are shown in red 176 

DAF-CBE (SV40 NLS-CDG4-linker (17 aa)-nCas9-nucleoplasmin NLS-SV40 NLS) 177 

MPKKKRKVFGESWKKHLSGEFGKPYFIKLMEFVAEERKHYTVYPPPHQVFT178 

WTQMCDIKDVKVVILGQDPYHGPNQAHGLCFSVQRPVPPPPSLENIYEELSTD179 

IEGFVHPGHGDLSGWAKQGVLLLDAVLTVRAHQANSHKEQGWEQFTDAVVS180 

WLNQNSNGLVFLLWGSHAQKKGSAIDRKRHHVLQAAHPSPLSAHRGFFGCR181 

HFSKTNELLQKSGKKPIDWTELGGSETPGTSESATPESMDKKYSIGLAIGTNSV182 

GWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTAR183 

RRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIV184 

DEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNP185 

DNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP186 

GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG187 

DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKA188 

LVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLV189 

KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTF190 

RIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFD191 

KNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDL192 

LFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDK193 

DFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYT194 

GWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQK195 

AQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEM196 

ARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL197 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSD198 
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NVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKR199 

QLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQF200 

YKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIA201 

KSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG202 

RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK203 

KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE204 

AKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNF205 

LYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDK206 

VLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVL207 

DATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAKKKKPKKKRKV* 208 

  209 
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DAF-TBE (SV40 NLS-TDG3-linker (17 aa)-nCas9-nucleoplasmin NLS-SV40 NLS) 210 

MPKKKRKVLGESWKKHLSGEFGKPYFIKLMEFVAEERKHYTVYPPPHQVFT211 

WTQMCDIKDVKVVIVGQDPAHGPNQAHGLCFSVQRPVPPPPSLENIYEELSTD212 

IEDFVHPGHGDLSGWAKQGVLLLNAVLTVRAHQANSHKERGWEQFTDAVVS213 

WLNQNLNGLVFLLWGSYAQKKGSVIDRERHHVLQAAHPSPLSASRGFFGCRH214 

FSKTNELLQKSGKKPIDWKELGGSETPGTSESATPESTDKKYSIGLAIGTNSVG215 

WAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARR216 

RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVD217 

EVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPD218 

NSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPG219 

EKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGD220 

QYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKAL221 

VRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLV222 

KLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTF223 

RIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFD224 

KNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDL225 

LFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDK226 

DFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYT227 

GWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQK228 

AQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEM229 

ARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL230 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSD231 

NVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKR232 

QLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQF233 

YKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIA234 

KSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKG235 

RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK236 

KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE237 

AKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNF238 
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LYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDK239 

VLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVL240 

DATLIHQSITGLYETRIDLSQLGGDKRPAATKKAGQAKKKKPKKKRKV* 241 

 242 

Supplementary Sequences 3. Linker amino acid sequences used in Fig. 6a, b and 243 

Supplementary Fig. 6a, b. 244 

16 aa Linker:  245 

SGSETPGTSESATPES 246 

32 aa Linker:  247 

SGGSSGGSSGSETPGTSESATPESSGGSSGGS 248 

64 aa Linker: 249 

GGGGSGGGGSAEYVRALFDFNGNDEEDLPFKKGDILRIRDKPEEQWWNAED250 

SEGKRSGGSSGGS 251 

  252 
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