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Supplementary Figure 1:Schematic overview of IS621 recombinase—mediated DNA insertion
and flow cytometry gating strategy used for 1IS621-bRNA engineering.

a, Schematic illustration of base-pairing interactions between the bRNA and tDNA or dDNA, and
the resulting DNA insertion mediated by the 1S621 recombinase. The bRNA is shown on top in a
linear form. The regions corresponding to the target-binding loop (TBL) and donor-binding loop
(DBL) are marked in purple and green, respectively. The target DNA and the donor DNA are shown
schematically underneath the bRNA, where the CT cores are marked in orange. The base pairing
between regions of TBL and DBL with the DNAs are delineated by grey lines. Note that as the 3’
portion of TBL and of DBL respectively form a “reverse” side of the binding loops, their pairing with
the top strand of target and donor DNA is marked by lines in a crossed fashion. b, Flow cytometry
analysis of insertion efficiency following engineering of the 1S621-bRNA system. The main cell
population was identified based on FSC-A and SSC-A. Transfected cells were subsequently gated
using PE-Texas Red-A fluorescence, and DNA insertion efficiency mediated by the engineered
1S621-bRNA system was quantified based on FITC-A fluorescence intensity.
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Supplementary Figure 2: Binding affinity landscape of IS621 monomers for tDNA and TBL.
a-d, The heat map shows the predicted binding affinities (kcal/mol) of 1IS621 to DNA or RNA at
each amino acid position when substituted with the other 19 amino acids. As the PDB structure
contains two 1S621 monomers, binding affinity changes were calculated for each monomer
independently. Results for the two monomers are presented separately for tDNA (a, b) and for TBL
(c, d).
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Supplementary Figure 3: Relative insertion efficiency of 1S621 recombinase after single
amino acid substitutions.

Positions that showed enhanced activity following substitution with KNB or MNB libraries were
further resolved into individual amino acid types to identify the most effective substitution at each
position, related to Fig. 1c. All data are presented as means + s.d. n=3 independent biological
replicates.
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Supplementary Figure 4: Relative insertion efficiency of 1S621 mutant proteins containing
multiple single amino acid substitutions compared with enlS621.

The multi-mutant variants include triple, quadruple, quintuple, sextuple, and septuple combinations.
Blue bars indicate the normalized insertion efficiency of enlS621. All data are presented as
means + s.d. n = 3 independent biological replicates.
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Supplementary Figure 5. Mechanistic analysis of enhanced insertion editing efficiency
mediated by the H138R, A119R, and V293Q mutations in enlS621 recombinase.

a, Schematic representation of pull-down assays using biotinylated 44-bp tDNA or 44-bp dDNA to
capture 1S621, 1S621-H138R, and enlS621 proteins. b, Western blot analysis of 1S621, 1S621-
H138R, and enlS621 proteins enriched by biotin-tDNA or biotin-dDNA pull-down assays. c,
Quantification of fold changes in protein enrichment following biotin-tDNA or biotin-dDNA pull-down,
normalized to wild-type 1S621. d, Schematic representation of pull-down assays using biotinylated
177-nt bRNA to capture 1S621, 1S621-A119R, and enlS621 proteins. e, Western blot analysis of
1S621, 1S621-A119R, and enlS621 proteins enriched by biotin-bRNA pull-down assays. f,
Quantification of fold changes in protein enrichment following biotin-bRNA pull-down, normalized to
wild-type IS621. Data are presented as means + s.d., n =2 independent biological replicates.
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Supplementary Figure 6: Comprehensive evaluation of 1S621- and enlS621-mediated
insertion efficiency and precision across donor sizes and bRNA formats.

a-f, Insertion efficiency at endogenous loci in HEK293T cells mediated by 1S621 or enlS621
recombinases with different bRNA formats, with or without transcriptional activators, assessed by
multiple methods. Deep sequencing was used to compare insertion efficiencies for an 82 bp donor
(a) and a 2.3 kb donor (b). ddPCR was used to compare insertion efficiencies for an 82 bp donor (c)
and a 2.3 kb donor (d). Absolute quantitative PCR was used to compare insertion efficiencies for
an 82 bp donor (e) and a 2.3 kb donor (f). g, Genotype distribution at the 5' junction of the insertion
site during enlS621-mediated insertion of an 82 bp donor with different bRNA formats. h,
Schematic illustration of potential structural abnormalities within the integration products and the
corresponding PCR amplification strategy. h, Schematic of long-read sequencing strategy used to
evaluate the integrity of integration products. Two PCR amplicons spanning the donor sequence
and flanking genomic regions were generated using primer pairs F1/R1 and F2/R2 to ensure full
coverage of the integration locus. i, Per-base indel frequency across the integration region
determined from long-read sequencing data. Each dot represents the percentage of reads
containing an insertion or deletion at the corresponding position. The four panels correspond to
different bRNA formats (bRNA, ebRNA, tbRNA, and tebRNA). Data are presented as means + s.d.,
ddPCR, n=2; RT-gPCR, n = 3; deep sequencing, n=3; long-read sequencing n =3 independent
biological replicates.
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Supplementary Figure 7: enlS621-mediated insertion editing at endogenous loci in HCT116
cells using various bRNA formats.

a-d, Deep sequencing analysis of insertion efficiency for an 82 bp donor or 2.3 kb donor at
endogenous loci in HCT116 cells mediated by 1S621 or enlS621 recombinases with various bRNA
formats. Insertion efficiency comparisons across five endogenous loci (a,c) and a summary dot plot
of endogenous insertion activities (d,e). Data are presented as means + s.d., n=3 independent
biological replicates. P values were calculated by Two-tailed unpaired Student’s t test.
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Supplementary Figure 8: Analysis of cell cycle dependence of enlS621-tebRNA-mediated
insertion editing.

a, Assessment of nascent DNA synthesis in RPE-1 cells by EdU incorporation followed by flow
cytometry analysis, measured 6 h after aphidicolin treatment. b, Quantitative analysis of the
proportion of S-phase cells in untreated and aphidicolin-treated conditions. Data are presented as
means + s.d., n=3 independent biological replicates. ¢, ddPCR analysis of insertion editing
efficiency mediated by enlS621-tebRNA using a 2.3 kb donor in untreated and aphidicolin-treated
RPE-1 cells. Data are presented as means + s.d., n =2 independent biological replicates.



% of Insertions

% of Insertions

82 bp in HEK293T

501
[JenlS621-tebRNA
401 o —enhanced ISCro4-DBL binds genome
301
201
el 1] I
NEINEET 1 g
2.3 kb in HEK293T
201
[JenlS621-tebRNA
151 2 [—lenhanced ISCro4-DBL binds genome
104
o
| e
e O UE N 1
5\@\/ \@b‘ é@"' é‘& é&éb
SN A LR
LA Y

30+ P = 0.6809
2]
e
2 2041
@
0
k=
S 101
3 098 o
olo 0~990
0 T T
201
P =0.0397
L o}
2 15 S
;=
5 101
@ Q
5 51 o OgeoO
ES o_%@o
0 O_O [@)
\g »
Q§ O
& o &
A L &
i) < O
© S X
N Q&
< Q}(\ O



Supplementary Figure 9: enlS621 and IScro4-mediated insertion editing at endogenous loci
in HEK293T cells.

a-d, ddPCR analysis of insertion efficiency for an 82 bp donor or 2.3 kb donor at endogenous loci
in HEK293T cells mediated by enlS621 with tebRNA or IScro4 with split bRNA in which DBL
targets the genome. Insertion efficiency comparisons across five endogenous loci (a,c) and a
summary dot plot of endogenous insertion activities (b,d). Data are presented as means + s.d.,

n =2 independent biological replicates. P values were calculated by Two-tailed unpaired Student’s t
test.
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Supplementary Figure 10: evoCAST-mediated insertion editing at endogenous loci in
HEK293T cells.

a, Schematic of evoCAST-mediated endogenous DNA integration. b, ddPCR analysis of insertion
efficiency for a 2.3 kb donor at four endogenous loci in HEK293T cells mediated by evoCAST. c,
Quantification of base substitution mutations within a 15-bp window surrounding the genome-
transposon right and left junctions for evoCAST insertions across four genomic target sites. Data

are presented as means +s.d., ddPCR, n=2; deep sequencing, n=3 independent biological
replicates.
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Supplementary Figure 11: Junction genotype analysis and CAR expression following
enlS621-mediated insertion in multiple human cell types.

a, CD19 CAR expression in Jurkat cells following insertion of the CD19 CAR sequence mediated
by enlS621-ebRNA or enlS621-tebRNA. b, Genotype distribution at the 5" and 3’ junctions of the
insertion site in HEK293T and Jurkat cells during enlS621-ebRNA- or enlS621-tebRNA-mediated
CD19 CAR insertion. ¢, Genotype distribution at the 5’ and 3' junctions of the insertion site in
HEK293T and Huh-7 cells during enlS621-bRNA or eniS621-tbRNA-mediated Factor 1X insertion.



