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DIRECT REPLACEMENT GENOME EDITING
CROSS-REFERENCE
[001] This application claims the benefit of US Provisional Application Serial Number
63/278,886 filed on November 12, 2021, and US Provisional Application Serial Number
63/341,200 filed on May 12, 2022, the entireties of which are hereby incorporated by reference.
SEQUENCE LISTING
[002] The instant application contains a Sequence Listing which has been submitted
electronically in XML file format and is hereby incorporated by reference in its entirety. Said
XML copy, created on November 9, 2022, is named Replace Therapeutic 62942-701601
(PCT).xml and is 703,891 bytes in size.”
BACKGROUND
[003] Improved gene editing methods are needed for modifying nucleic acids.
SUMMARY
[004] Disclosed herein, in some aspects, are systems or compositions comprising: a DNA-
binding protein coupled to a DNA ligase. The DNA-binding protein may include an
endonuclease. The endonuclease may include an RNA-guided endonuclease. In some aspects,
the coupling is covalent. Some aspects include a fusion protein comprising the DNA-binding
protein (e.g. endonuclease such as an RNA-guided endonuclease) and the DNA ligase. Some
aspects include a composition comprising: a cell containing a DNA-binding protein (e.g.
endonuclease such as an RNA-guided endonuclease) and a DNA ligase, both of which are
heterologous to the cell. In some aspects, the DNA-binding protein is amino (N)-terminal
relative to the DNA ligase within the fusion protein. In some aspects, the DNA-binding protein
is carboxy (C)-terminal relative to the DNA ligase within the fusion protein. In some aspects,
the connection comprises a linker comprising 1-100 amino acids. In some aspects, the coupling
is non-covalent. In some aspects, the composition comprises a first polypeptide comprising at
least part of the DNA-binding protein, and a second polypeptide comprising at least part of the
DNA ligase, wherein the first and second polypeptides are non-covalently coupled. In some
aspects, the first polypeptide comprises a first heterodimerization domain that binds a second
heterodimerization domain, and wherein the second polypeptide comprises the second
heterodimerization domain. In some aspects, the heterodimer domains comprise a leucine
zipper, PDZ domain, streptavidin, streptavidin binding protein, foldon domain, hydrophobic
moiety, or a functional binding fragment thereof. In some aspects, the first polypeptide
comprises a first intein that binds a second intein, and wherein the second polypeptide
comprises the second intein. In some aspects, the ligase comprises a hairpin binding motif, and

wherein the DNA-binding protein and the DNA ligase are coupled with a nucleic acid
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comprising a scaffold that binds to the DNA-binding protein and a hairpin that binds to the
hairpin binding motif. In some aspects, the hairpin binding motif comprises an MS2 coat
protein (MCP) peptide, and wherein the hairpin comprises an MS2 hairpin. In some aspects, the
DNA-binding protein and the DNA ligase are coupled with a heterobifunctional molecule
comprising an endonuclease binding domain and a DNA ligase binding domain. In some
aspects, the heterobifunctional molecule comprises a small molecule. In some aspects, the
DNA-binding protein comprises a class II CRISPR/Cas endonuclease. In some aspects, the
DNA-binding protein comprises a Cas9 endonuclease. In some aspects, the DNA-binding
protein comprises a nickase. In some aspects, the DNA-binding protein comprises an amino
acid sequence at least 80% identical to the amino acid sequence of any one of SEQ ID NOS: 1-
13, or a functional fragment thereof. In some aspects, the DNA ligase ligates DNA strands base
paired to a DNA splint. In some aspects, the DNA ligase ligates DNA strands base paired to an
RNA splint. In some aspects, the DNA ligase comprises an amino acid sequence at least 80%
identical to the amino acid sequence of any one of SEQ ID NOS: 55-96, or a functional
fragment thereof. In some aspects, the DNA-binding protein or the DNA ligase comprises a
nuclear localization signal, chromatin modifying domain, cell penetrating peptide, or tag
polypeptide. Some aspects include a guide RNA and an integrating nucleic acid. Some aspects
include one or more nucleic acids encoding the composition. Some aspects include a cell
comprising the composition, or comprising the one or more nucleic acids.

[005] Disclosed herein, in some aspects, are editing methods, comprising: contacting a target
nucleic acid in a cell with an endonuclease at a predetermined locus of the target nucleic acid,
thereby introducing a nick at the predetermined locus of the target nucleic acid, introducing a
pre-synthesized integrating nucleic acid to the cell; and ligating a 5' end of the pre-synthesized
integrating nucleic acid to a 3' end of the nick at the predetermined locus of the target nucleic
acid. In some aspects, the endonuclease comprises a class II CRISPR/Cas endonuclease. In
some aspects, the endonuclease comprises Cas9 nickase. Some aspects include contacting the
endonuclease and the predetermined locus of the target nucleic acid with a guide nucleic acid.
In some aspects, said ligating is performed by a ligase coupled to the endonuclease. In some
aspects, the pre-synthesized integrating nucleic acid comprises a mutation in relation to the
target nucleic acid. In some aspects, the nick comprises a single phosphodiester strand break in
the otherwise double stranded target nucleic acid. In some aspects, the nick comprises a non-
sticky, non-blunt end of a strand of the target nucleic acid. In some aspects, the target nucleic
acid comprises a chromosome of the cell. In some aspects, the cell is eukaryotic.

[006] Disclosed herein, in some aspects, are editing systems, comprising: a ligase; an

endonuclease that introduces a nick at a predetermined locus of a target nucleic acid; and a pre-
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synthesized integrating nucleic acid comprising a 5’ end that is ligated by the ligase to a 3' end
of the nick at the predetermined locus of the target nucleic acid. In some aspects, the
endonuclease comprises a class I CRISPR/Cas endonuclease. In some aspects, the
endonuclease comprises Cas9 nickase. Some aspects include a guide nucleic acid that brings the
endonuclease into proximity with the predetermined locus of the target nucleic acid. In some
aspects, the ligase is coupled to the endonuclease. In some aspects, the pre-synthesized
integrating nucleic acid comprises a mutation in relation to the target nucleic acid. In some
aspects, the nick comprises a single phosphodiester strand break in the otherwise double
stranded target nucleic acid. In some aspects, the nick comprises a non-sticky, non-blunt end of
a strand of the target nucleic acid. In some aspects, the target nucleic acid comprises a
chromosome of a cell. In some aspects, the cell is eukaryotic.

[007] Disclosed herein, in some aspects, are systems of nucleic acids comprising: a guide
nucleic acid comprising: (a) a spacer complementary to a region of a genomic locus of a
genomic strand, (b) a scaffold for complexing with a DNA-binding protein, (c) an optional
donor binding site that is at least partially complementary to an integrating nucleic acid, and (d)
a flap binding site that is at least partially identical or complementary to a genomic flap at or
adjacent to the genomic locus; and an integrating nucleic acid comprising a 5’ end to be ligated
to a 3’ terminus of the genomic strand generated by a DNA-binding protein. The DNA-binding
protein may include an endonuclease. The endonuclease may include an RNA-guided
endonuclease. Disclosed herein, in some aspects, are systems of nucleic acids comprising: a
guide nucleic acid comprising: (a) a spacer complementary to a region of a genomic locus of a
genomic strand, (b) a scaffold for complexing with a DNA-binding protein, and (c) an optional
donor binding site that is at least partially complementary to a splinting nucleic acid; an
integrating nucleic acid comprising a 5” end to be ligated to a 3’ terminus of the genomic strand
generated by a DNA-binding protein; and a splinting nucleic acid comprising a flap binding site
that is at least partially identical or complementary to a genomic flap at or adjacent to the
genomic locus, and comprising an optional guide binding site that is at least partially
complementary to a guide nucleic acid. In some aspects, the genomic strand is in a cell. In some
aspects, the splinting nucleic acid further comprises a donor binding site that is at least partially
identical or complementary to a portion of the integrating nucleic acid. In some aspects, the
guide nucleic acid comprises a sequence of linking nucleic acids between the scaffold and the
donor binding site. In some aspects, the guide nucleic acid or the integrating nucleic acid
comprises a modified internucleoside linkage. In some aspects, the modified internucleoside
linkage comprises a phosphorothioate linkage. In some aspects, the modified internucleoside

linkage is between any of the 4 terminal nucleosides at a 5’ end or at a 3” end of the guide
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nucleic acid or the integrating nucleic acid. In some aspects, the guide nucleic acid or the
integrating nucleic acid comprises a modified nucleoside. In some aspects, the modified
nucleoside comprises a locked nucleic acid (LNA), a 2’ fluoro, a 2’ O-alkyl, or a combination
thereof. In some aspects, the modified nucleoside is any of the 3 terminal nucleosides at a 5
end or at a 3° end of the guide nucleic acid or the integrating nucleic acid. The modified
nucleoside may include an LNA, a 2’fluoro, a 2’ O-alkyl, a methylated cytosine, an inverted
thymidine, or a combination thereof.

[008] Disclosed herein, in some aspects, are compositions, comprising: a DNA-binding protein
connected to a DNA ligase. The DNA-binding protein may include an endonuclease. The
endonuclease may include an RNA-guided endonuclease. In some aspects, the connection
between the DNA-binding protein and the DNA ligase is covalent. Some aspects include a
fusion protein comprising the DNA-binding protein upstream of the DNA ligase. Some aspects
include a fusion protein comprising the DNA-binding protein downstream of the DNA ligase.
In some aspects, the connection comprises a linker comprising 1-100 amino acids. In some
aspects, the composition comprises a first polypeptide comprising at least part of the DNA-
binding protein, and a second polypeptide comprising at least part of the DNA ligase, wherein
the first and second polypeptides are bound together covalently or non-covalently. In some
aspects, the first polypeptide comprises a first heterodimerization domain that binds a second
heterodimerization domain, and wherein the second polypeptide comprises the second
heterodimerization domain. In some aspects, the heterodimer domains comprise a leucine
zipper, PDZ domain, streptavidin, streptavidin binding protein, foldon domain, hydrophobic
moiety, or a functional binding fragment thereof. In some aspects, the first polypeptide
comprises a first intein that binds a second intein, and wherein the second polypeptide
comprises the second intein. In some aspects, the DNA-binding protein and the DNA ligase are
bound together by a small molecule. In some aspects, the DNA-binding protein comprises a
class Il CRISPR/Cas endonuclease. In some aspects, the DNA-binding protein comprises a
Cas9 endonuclease. In some aspects, the DNA-binding protein comprises a nickase. In some
aspects, the DNA-binding protein comprises an amino acid sequence at least 80% identical to
the amino acid sequence of any one of SEQ ID NOS: 1-13, or a functional fragment thereof. In
some aspects, the DNA ligase ligates DNA strands base paired to a DNA splint. In some
aspects, the DNA ligase ligates DNA strands base paired to an RNA splint. In some aspects, the
DNA ligase comprises an amino acid sequence at least 80% identical to the amino acid
sequence of any one of SEQ ID NOS: 55-96, or a functional fragment thereof. In some aspects,
the DNA-binding protein or the DNA ligase comprises a nuclear localization signal, chromatin

modifying domain, cell penetrating peptide, or tag polypeptide. Some aspects include a guide
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RNA and an integrating nucleic acid. Some aspects relate to a cell comprising the composition.
Some aspects include a nucleic acid encoding the composition. Some aspects include one or
more nucleic acids encoding the first or second polypeptides. Some aspects include an editing
method (e.g. nucleic acid) which uses the composition. Some aspects include a method of
treatment using the composition. Some aspects include administering the composition to a
subject.

[009] Disclosed herein, in some aspects, are fusion proteins, comprising: a DNA-binding
protein fused to a DNA ligase. The DNA-binding protein may include an endonuclease. The
endonuclease may include an RNA-guided endonuclease. Disclosed herein, in some aspects, are
protein complexes, comprising: a DNA-binding protein bound to a DNA ligase. In some
aspects, the endonuclease and the DNA ligase are bound together through heterodimerization
domains. In some aspects, the heterodimerization domains comprise leucine zippers, PDZ
domains, streptavidin and streptavidin binding protein, foldon domains, hydrophobic
polypeptides, an antibody that binds the Cas nickase, or an antibody that binds the DNA ligase,
or one or more binding fragments thereof. Disclosed herein, in some aspects, are cells
comprising the fusion protein or the protein complex. Disclosed herein, in some aspects, are
cells comprising a heterologous DNA-binding protein and a DNA ligase that was introduced
into the cell. Some aspects include a nuclease that is different from the DNA-binding protein.
Disclosed herein, in some aspects, are guide nucleic acids, comprising: a spacer at least partially
reverse complementary to a first region of a target nucleic acid; a scaffold configured to bind to
an endonuclease; and a flap binding site at least partially reverse complementary to a nucleic
acid flap, and an integrating nucleic acid binding site. Disclosed herein, in some aspects, are
integrating nucleic acids, comprising: a single or double-stranded DNA region to be inserted
into a target nucleic acid, wherein the single or double-stranded DNA region is flanked by at
least one additional single-stranded region comprising a guide binding site. Disclosed herein, in
some aspects, are editing systems, comprising a DNA-binding protein, the guide nucleic acid,
and the integrating nucleic acid. Disclosed herein, in some aspects, are editing methods,
comprising: contacting a target nucleic acid with the editing system and a DNA ligase.

[0010] Disclosed herein, in some aspects, are systems comprising: at least one DNA-binding
protein; at least one guide nucleic acid comprising: a spacer at least partially complementary to
a genomic locus in a cell; a scaffold for complexing with the at least one DNA-binding protein;
and an optional donor binding site that is at least partially complementary to an integrating
nucleic acid; and at least one DNA ligase; and the integrating nucleic acid, comprising a flap
binding site at least partially reverse complementary to a nucleic acid flap and optionally

comprising a guide binding site that is at least partially complementary to the at least one guide
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nucleic acid, wherein the at least one DNA-binding protein cleaves or nicks at least one strand
of the genomic locus, and wherein the at least one DNA ligase ligates an end of the integrating
nucleic acid to the genomic flap site, thereby replacing a region of the genomic locus with the
integrating nucleic acid in the cell. The DNA-binding protein may include an endonuclease.
The endonuclease may include an RNA-guided endonuclease. In some aspects, the integrating
nucleic acid comprises a single-stranded DNA. In some aspects, the integrating nucleic acid
comprises a double-stranded DNA.

[0011] Disclosed herein, in some aspects, are systems comprising: at least one DNA-binding
protein comprising a first DNA-binding protein and an optional second DNA-binding protein;
at least one guide nucleic acid comprising a first guide nucleic acid and a second guide nucleic
acid, the first guide nucleic acid comprising: a first spacer complementary to a first region of a
genomic locus in a cell; a first scaffold for complexing with the first DNA-binding protein; and
an optional first donor binding site that at least partially complementary to an integrating
nucleic acid; and a first flap binding site that is at least partially identical or complementary to a
first genomic flap at or adjacent to the genomic locus; and the second guide nucleic acid
comprising: a second spacer complementary to a second region of the genomic locus in the cell;
a second scaffold for complexing with the first or second DNA-binding protein; an optional
second donor binding site that at least partially complementary to the integrating nucleic acid,;
and a second flap binding site that is at least partially identical or complementary to a second
genomic flap at or adjacent to the genomic locus; at least one DNA ligase comprising a first
DNA ligase and an optional second DNA ligase; and at least one integrating nucleic acid
comprising a first strand and a second strand: wherein the first strand comprises an optional first
guide binding site that is at least partially complementary to the first guide nucleic acid; and
wherein the second strand comprises an optional second guide binding site that is at least
partially complementary to the second guide nucleic acid, wherein the first DNA-binding
protein and/or the second DNA-binding protein each cleaves or nicks at least one strand of the
genomic locus in the cell; and wherein the first DNA ligase ligates an end of the first strand of
the integrating nucleic acid to the first genomic flap; and the first or second DNA ligase ligates
an end of the second strand of the integrating nucleic acid to the second genomic flap, thereby
replacing a region of the genomic locus with the integrating nucleic acid in the cell. In some
aspects, the integrating nucleic acid comprises a double-stranded DNA duplex region. The
DNA-binding protein may include an endonuclease. The endonuclease may include an RNA-
guided endonuclease. In some aspects, the integrating nucleic acid comprises a 5’ overhang
optionally comprising the first guide binding site. In some aspects, the integrating nucleic acid

comprises a 5’ overhang optionally comprising the second guide binding site.
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[0012] Disclosed herein, in some aspects, are systems comprising: at least one DNA-binding
protein; at least one guide nucleic acid comprising: a spacer complementary to a genomic locus
in a cell; a scaffold for complexing with the at least one DNA-binding protein; and an optional
donor binding site that is at least partially complementary to an integrating nucleic acid; at least
one DNA ligase; and the integrating nucleic acid that: comprises an optional guide binding site
that is at least partially complementary to the at least one guide nucleic acid; and comprises a
flap binding site that is at least partially identical or complementary to a genomic flap at or
adjacent to the genomic locus, wherein the at least one DNA-binding protein cleaves or nicks at
least one strand of the genomic locus; and wherein the at least one DNA ligase ligates an end of
the integrating nucleic acid to the genomic flap, thereby replacing a region of the genomic locus
with the integrating nucleic acid in the cell. The DNA-binding protein may include an
endonuclease. The endonuclease may include an RNA-guided endonuclease. In some aspects,
the integrating nucleic acid comprises a DNA comprising a 3° overhang. In some aspects, the 3’
overhang comprises the guide binding site. In some aspects, the 3’ overhang comprises the flap
binding site. In some aspects, the at least one DNA ligase ligates a strand of the integrating
nucleic acid to the genomic nucleic acid sequence.

[0013] Disclosed herein, in some aspects, are systems comprising: at least one DNA-binding
protein comprising a first DNA-binding protein and an optional second DNA-binding protein;
at least one guide nucleic acid comprising a first guide nucleic acid and a second guide nucleic
acid, the first guide nucleic acid comprising: a first spacer complementary to a first region of a
genomic locus in a cell; a first scaffold for complexing with the first DNA-binding protein; and
an optional first donor binding site that at least partially complementary to an integrating
nucleic acid; and the second guide nucleic acid comprising: a second spacer complementary to
a second region of the genomic locus in the cell; a second scaffold for complexing with the first
or second DNA-binding protein; and an optional second donor binding site that at least partially
complementary to the integrating nucleic acid; and at least one DNA ligase comprising a first
DNA ligase and an optional second DNA ligase; and the integrating nucleic acid comprising a
first strand and a second strand: wherein the first strand comprises an optional first guide
binding site that is at least partially complementary to the first guide nucleic acid; wherein the
second strand comprises an optional second guide binding site that is at least partially
complementary to the second guide nucleic acid; wherein the first strand comprises a first flap
binding site that is at least partially identical or complementary to a first genomic flap at or
adjacent to the genomic locus; and wherein the second strand comprises a second flap binding
site that is at least partially identical or complementary to a second genomic flap at or adjacent

to the genomic locus; wherein the first DNA-binding protein and/or the second DNA-binding
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protein each cleaves or nicks at least one strand of the genomic locus in the cell; and wherein
the first DNA ligase ligates an end of the first strand of the integrating nucleic acid to the first
genomic flap; and the first or second DNA ligase ligates an end of the second strand of the
integrating nucleic acid to the second genomic flap, thereby replacing a region of the genomic
locus with the integrating nucleic acid in the cell. The DNA-binding protein may include an
endonuclease. The endonuclease may include an RNA-guided endonuclease. In some aspects,
the integrating nucleic acid comprises a double-stranded DNA duplex region. In some aspects,
the double-stranded DNA comprises a 3’ overhang optionally comprising the first guide
binding site, and comprising the first flap binding site. In some aspects, the double stranded
DNA comprises a 3’ overhang optionally comprising the second guide binding site, and
comprising the second flap binding site.

[0014] The DNA-binding protein may include an endonuclease. The endonuclease may include
an RNA-guided endonuclease. In some aspects, the at least one DNA-binding protein comprises
a Cas protein or a functional fragment thereof. In some aspects, the Cas protein or the
functional fragment thereof comprises nickase activity. In some aspects, the at least one DNA-
binding protein comprises a Cas9 nickase or a functional fragment thereof. In some aspects, the
at least one DNA ligase ligates nucleic acids bound to DNA. In some aspects, the at least one
DNA ligase ligates nucleic acids bound to RNA. In some aspects, the at least one DNA ligase
comprises a PBCV-1 DNA ligase. In some aspects, the at least one DNA ligase is operatively
coupled to the at least one DNA-binding protein. In some aspects, the at least one DNA ligase is
fused to the at least one DNA-binding protein as a fusion polypeptide. In some aspects, the at
least one DNA-binding protein and the at least one DNA ligase each comprises a heterodimer
domain. In some aspects, the at least one DNA-binding protein and the at least one DNA ligase
forms a heterodimer via the heterodimer domain. In some aspects, the at least one DNA-binding
protein comprises a linker. In some aspects, the linker connects the Cas protein or a functional
fragment thereof to the heterodimer domain. In some aspects, the at least one DNA-binding
protein comprises a localization signal sequence. In some aspects, the at least one DNA ligase
comprises a localization signal sequence. In some aspects, the localization signal sequence
comprises a nuclear localization sequence (NLS). In some aspects, the a least one DNA-binding
protein or the at least one DNA ligase are directed to nucleus of the cell by the NLS. In some
aspects, the at least one integrating nucleic acid corrects at least one genetic mutation in the at
least one genomic locus. In some aspects, the at least one integrating nucleic acid inserts a
coding sequence. In some aspects, the coding sequence encodes a full length protein. In some
aspects, the at least one integrating nucleic acid inserts a non-coding sequence. In some aspects,

the non-coding sequence knocks out an endogenous gene. In some aspects, the non-coding
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sequence comprises a regulatory element. Some aspects further include a nuclease. In some
aspects, the nuclease comprises an exonuclease for digesting the genomic flap. In some aspects,
the nuclease comprises a human flap endonuclease 1 (hFEN1), a human exonuclease 5
(hEXOS5), a TS exonuclease, a T7 exonuclease, an exonuclease VIII, a flap endonuclease
domain of E. coli Poll, a RecJF, a Lambda exonuclease, a Xni (ExoIXI), a SaFEN
(Staphylococcus aureus FEN), a nuclease BAL-31, or a fragment thereof. In some aspects, the
heterologous nuclease comprises an endonuclease for digesting the genomic flap, and the
endonuclease is different from the at least one DNA-binding protein. In some aspects, the at
least one DNA-binding protein comprises at least one additional functional domain. In some
aspects, the at least one additional functional domain comprises a chromatin modifying domain.
In some aspects, the at least one additional functional domain comprises a cell penetrating
peptide. In some aspects, the at least one guide nucleic acid comprises at least one nucleic acid
modification. In some aspects, the at least one nucleic acid modification comprises a
modification to a backbone, a sugar, a base, or a combination thereof. In some aspects, the at
least one DNA-binding protein is complexed with the at least one guide nucleic acid. In some
aspects, the at least one guide nucleic acid is complexed with the integrating nucleic acid. In
some aspects, the at least one DNA-binding protein, the at least one guide nucleic acid, the at
least one at least one DNA ligase, the integrating nucleic acid, or a combination thereof is
encoded by a polynucleotide. In some aspects, the polynucleotide comprises mRNA. In some
aspects, the polynucleotide comprises a vector. In some aspects, the vector comprises a viral
vector. In some aspects, the at least one DNA-binding protein, the at least one guide nucleic
acid, the at least one at least one DNA ligase, the integrating nucleic acid, or a combination
thereof is encapsulated by at least one lipid nanoparticle. In some aspects, the cell comprises a
bacterial cell, an eukaryotic cell, or a plant cell. In some aspects, the eukaryotic cell comprises a
mammalian cell. Some aspects include a composition comprising the system. Some aspects
include a cell comprising the system. Some aspects include a cell line comprising the cell. Some
aspects include a pharmaceutical composition comprising the system. Some aspects include a
pharmaceutical composition comprising the composition. Some aspects include a
pharmaceutical composition comprising the cell. Some aspects include a pharmaceutically
acceptable: excipient, carrier, or diluent. In some aspects, the pharmaceutical composition is
formulated for administering intrathecally, intraocularly, intravitreally, retinally, intravenously,
intramuscularly, intraventricularly, intracerebrally, intracerebellarly, intracerebroventricularly,
intraperenchymally, subcutaneously, intratumorally, pulmonarily, endotracheally,
intraperitoneally, intravesically, intravaginally, intrarectally, orally, sublingually, transdermally,

by inhalation, by inhaled nebulized form, by intraluminal-GI route, or a combination thereof to

-9-



WO 2023/086834 PCT/US2022/079567
a subject in need thereof. Some aspects include a kit comprising: the system, the composition,
or the pharmaceutical composition and a container. In some aspects, include method for
modifying a cell comprising contacting a cell with the system. In some aspects, include method
for modifying a cell comprising contacting a cell with the composition. In some aspects, include
method for modifying a cell comprising contacting a cell with the pharmaceutical composition.
In some aspects, the cell is not a dividing cell. In some aspects, the integrating nucleic acid is
inserted into the genomic locus of the cell independent of endogenous non-homologous end
joining (NHEJ) and independent of endogenous homology-directed repair (HDR). Some aspects
include a method for treating a disease or condition in subject in need thereof comprising:
contacting the cell or the subject with the system, the composition, or the pharmaceutical
composition; replacing a genomic locus in a cell with an integrating nucleic acid, thereby
treating the disease or condition in the subject. In some aspects, the cell is not a dividing cell. In
some aspects, the integrating nucleic acid is inserted into the genomic locus of the cell
independent of endogenous non-homologous end joining (NHEJ) and independent of
endogenous homology-directed repair (HDR).
[0015] Disclosed herein, in some aspects, are guide nucleic acids comprising: a spacer that is at
least partially complementary to a genomic locus in a cell; a scaffold for complexing with a
DNA-binding protein; and a donor binding site that is at least partially complementary to an
integrating nucleic acid. The DNA-binding protein may include an endonuclease. The
endonuclease may include an RNA-guided endonuclease. In some aspects, the guide nucleic
acid comprises a flap binding site that is at least partially complementary to a genomic sequence
of the genomic locus. In some aspects, the guide nucleic acid comprises at least one nucleic
acid modification. In some aspects, the at least one nucleic acid modification comprises a
modification to a backbone, a sugar, a base, or a combination thereof. In some aspects, the
guide nucleic acid comprises RNA sequence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. 1A illustrates a guide nucleic acid, an endonuclease, a ligase, and a donor strand at
a genomic locus.
[0017] Fig. 1B follows sequentially from Fig. 1A, and illustrates a donor strand incorporated
into one side of a genomic locus, the donor strand having displaced a genomic flap.
[0018] Fig. 1C follows sequentially from Fig. 1B, and illustrates a donor strand incorporated
into one side of a genomic locus, and a nick appearing where a genomic flap has been removed.
[0019] Fig. 2A illustrates 2 guide nucleic acids, 2 endonucleases, 2 ligases, and a donor strand

at a genomic locus.
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[0020] Fig. 2B follows sequentially from Fig. 2A, and illustrates a donor strand incorporated
into a genomic locus, the donor strand having displaced 2 genomic flaps.

[0021] Fig. 2C follows sequentially from Fig. 2B, and illustrates a donor strand incorporated
into a genomic locus, and 2 nicks appearing where genomic flaps have been removed.

[0022] Fig. 3A illustrates a guide nucleic acid, an endonuclease, a ligase, and a donor strand at
a genomic locus.

[0023] Fig. 3B follows sequentially from Fig. 3A, and illustrates a donor strand incorporated
into one side of a genomic locus, the donor strand having displaced a genomic flap.

[0024] Fig. 3C follows sequentially from Fig. 3B, and illustrates a donor strand incorporated
into one side of a genomic locus, and a nick appearing where a genomic flap has been removed.
[0025] Fig. 4A illustrates 2 guide nucleic acids, 2 endonucleases, 2 ligases, and a donor strand
at a genomic locus.

[0026] Fig. 4B follows sequentially from Fig. 4A, and illustrates a donor strand incorporated
into a genomic locus, the donor strand having displaced 2 genomic flaps.

[0027] Fig. 4C follows sequentially from Fig. 4B, and illustrates a donor strand incorporated
into a genomic locus, and 2 nicks appearing where genomic flaps have been removed.

[0028] Fig. SA illustrates a guide nucleic acid, an endonuclease, a ligase, and a donor strand at
a genomic locus.

[0029] Fig. SB follows sequentially from Fig. SA, and illustrates a donor strand incorporated
into a genomic locus, the donor strand having displaced a genomic flap.

[0030] Fig. SC follows sequentially from Fig. 5B, and illustrates a donor strand incorporated
into one side of a genomic locus, and a nick appearing where a genomic flap has been removed.
[0031] Fig. 6A illustrates 2 guide nucleic acids, 2 endonucleases, 2 ligases, and a donor strand
at a genomic locus.

[0032] Fig. 6B follows sequentially from Fig. 6A, and illustrates a donor strand incorporated
into a genomic locus, the donor strand having displaced 2 genomic flaps.

[0033] Fig. 6C follows sequentially from Fig. 6B, and illustrates a donor strand incorporated
into a genomic locus, and 2 nicks appearing where genomic flaps have been removed.

[0034] Fig. 7 illustrates some examples of fusion protein arrangements.

[0035] Fig. 8A illustrates an exemplary nicking and ligation pattern of an integrating nucleic
acid.

[0036] Fig. 8B illustrates a DNA gel showing a pattern associated with 1-Sided Replacer 2
performed in vitro using 30nt GBS/DBS and thermostable T4 ligase. Using a 30nt GBS/DBS
combination, a donor containing a protospacer adjacent motif (PAM) mutation, and a

thermostable T4 ligase (Hi-T4, NEB), we were able to produce a final Replacer product (Lane
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3) corresponding to the size of our control product (Lane 1). Replacer products were not
detected in the absence of nicking Cas9 (Cas9n) (Lane 2), or in the absence of the bottom donor
which serves as the splint (Lanes 4 & 5).
[0037] Fig. 8C illustrates an exemplary nucleic acid gel showing patten associated with in vitro
1-Sided Replacer 2 using variable length GBS/DBS combinations and T4 ligase. Using regular
T4 ligase (NEB), we were to produce a final Replacer product corresponding to the size of the
control when using multiple GBS/DBS combinations, including no GBS/DBS, 20nt GBS/DBS,
and 30nt GBS/DBS. Additionally, in this experiment, recoded dsDNA donors containing PAM
mutation were more efficient at producing final Replacer products compared to PAM mutant
dsDNA donors that were not recoded.
[0038] Fig. 9 illustrates measurement of a percentage of cells expressing green fluorescent
protein (GFP), indicating gene editing from BFP to GFP by a 1-sided Replacer 2 with nicking
Cas9 and DNA ligase.
[0039] Fig. 10 illustrates sequencing reads merged and aligned to an amplicon of interest and a
percentage of total reads that matched an intended edit via a 1-sided replacer 2 with a nicking
Cas9 and a T4 DNA ligase.
[0040] Fig. 11 illustrates sequencing reads merged and aligned to an amplicon of interest and a
percentage of total reads that matched an intended edit via a 2-sided replacer 2 with a nicking
Cas9 and a T4 DNA ligase.
[0041] Fig. 12 illustrates measurement of a percentage of cells expressing green fluorescent
protein (GFP), indicating gene editing from BFP to GFP via a 1-Sided Replacer 2 with a
nicking Cas9 and a T4 DNA Ligase.

DETAILED DESCRIPTION

Introduction
[0042] Recent advances in gene editing tools have enabled precision editing of genomes for
therapeutic, agricultural, industrial, and research purposes. Some nuclease-based tools such as
CRISPR-Cas9 use a guide RNA to target the Cas9 protein to a specific DNA sequence specified
by the spacer sequence in the guide RNA. Cas9 nuclease activity then cleaves the DNA
resulting in a double-stranded break (DSB). DSBs are typically repaired through endogenous
DNA repair mechanisms including non-homologous end joining (NHEJ) or homology-directed
repair (HDR). However, NHEJ results in a spectrum of nucleotide insertions and deletions
(indels) that hinder its utility for precision editing. HDR efficiency is very low in nondividing
cells and may require DNA replication. Even when HDR editing is detectable, DSB-induced
indels are often prevalent, meaning that HDR may not be feasible when precision editing is

desired.
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[0043] Homology-independent targeted insertion (HITI) utilizes NHEJ DNA repair
mechanisms active in nondividing cells for CRISPR-guided transgene integration in
nondividing cells such as primary neurons, retinal pigment epithelial cells, and HSPCs.
However, due to the generation of DSBs from Cas9, HITI generates high frequencies of indels,
resulting in unintended mutations in addition to DSB associated toxicity.

[0044] Other methods for gene editing have additional limitations. Tools employing fusions of
nicking Cas nucleases with nucleotide deaminases (e.g. base editors) can perform certain
nucleotide mutations, e.g. cytosine base editors can convert C to T. While some base editors can
perform precision editing at high efficiency, they are inherently limited to specific edits
determined by the deaminase variant so they are only applicable to specific substitution
mutations and further cannot perform precise insertion or deletion edits. Moreover, base editors
are generally limited to a small editing window within a subset of the protospacer region and
are therefore significantly limited by protospacer adjacent motif (PAM) availability. Finally,
base editors can exhibit bystander mutations within the editing region (e.g. if two C’s are
present) and have demonstrated DNA and RNA off-target deaminase activity.

[0045] Existing precision editing technologies have limitations that hamper their practical
applicability in a variety of ways. In particular, they may rely on endogenous cellular
machinery for editing, for example HDR machinery for nuclease-based editing and mismatch
repair for base editing. No system has been reported that is independent of all endogenous
factors. Reliance on endogenous factors is problematic because different cell types have
different activity levels of these endogenous factors, and in many cases the activity is not
sufficient to provide useful levels of editing. An example where this reliance is particularly
problematic is nondividing cells, which comprise the majority of cells in adults and therefore
are not amenable to many existing precision editing tools.

[0046] Accordingly, there remains a need for a system or a method for effective gene editing or
for modifying gene expression by gene editing. Particularly, there remains a need for the system
or method for gene editing or modifying gene expression, where the system or the method do
not rely on the endogenous components or mechanism of a cell. There also remains a need for a
system or a method for correcting genetic mutations in a cell. In some cases, the correction of
genetic mutation can treat a disease or condition in subject in need thereof. As will be seen
below, the systems, methods, and compositions disclosed herein may be useful for addressing
these needs or limitations.

Overview

[0047] Described herein are self-contained gene editing systems. In some such self-contained

systems, every aspect of gene editing may be controlled. Some such systems do not rely on host
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cell machinery to perform an editing function, or to replace or repair any aspect of a target
nucleic acid such as a genomic locus. Some such systems are unaffected by a cell’s nucleotide
triphosphate (ANTP) concentration because the editing may be performed without use of a
polymerase. For example, an integrating nucleic acid may be delivered and inserted into a
genetic locus without transcribing a template. The editing may exclude a need to rely on a cell
repair system such as HDR or NHEJ. The editing may be performed without cell cycling. The
gene editing may take place in a cell, or may even be performed in vitro. For example, the gene
editing may even be performed in a test tube or outside of a cell.
[0048] Described herein are systems and methods for editing DNA with a donor strand without
generating a double-stranded break in the genome using CRISPR-guided DNA ligases and
guide nucleic acids targeting the genomic region of interest. DNA ligases are enzymes which
chemically join two DNA molecules via a phosphodiester bond. DNA ligases may or may not
require hybridization of the DNA molecules to a DNA or RNA backbone or “splint” which is
reverse complementary to the DNA sequences that are to be ligated. Targeting of ligases to
genomic nicks generated by CRISPR nucleases enables precise replacement of genomic DNA
with donor strands optionally recruited by guide nucleic acids into targeted loci. The CRISPR-
guided DNA ligases can be composed of DNA ligases that are fused, recruited, or unfused to
the RNA-guided endonuclease by utilizing peptide linkers, heterodimerization domains, or two
separate peptides, respectively.
[0049] Some aspects include a cell containing or comprising an RNA-guided endonuclease and
a DNA ligase, both of which are introduced into the cell. The endonuclease or ligase may be
heterologous to the cell. The endonuclease and ligase may be heterologous to the cell. The
ligase may be endogenous to the cell. In some aspects, a cell comprises an RNA-guided
endonuclease and a DNA ligase, both of which are heterologous to the cell. The cell may
include a composition or system described herein. The cell may be used or included in a
system, composition, or method described herein.
[0050] A system described herein may include a heterologous endonuclease comprising an
RNA-guided endonuclease such as nicking Cas9 as well as a heterologous ligase (e.g., a DNA
ligase) that can utilize an RNA splint. The guide nucleic acid optionally recruits a donor strand
to the site targeted by the endonuclease (e.g., a targeted genomic locus) and also generates a
splint across from the donor strand (donor strand) and genomic flap generated by the nicking
Cas9, resulting in ligation of the donor strand and the genomic flap by the DNA ligase. In some
embodiments, the ligase is or comprises an endogenous ligase. The system can utilize one or
more guide nucleic acids that together can comprise the following components, optionally in

the following order: 5 spacer - scaffold - donor binding site (optional) - flap binding site 3.
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The donor strand (donor strand) can comprise the following sequence components: 5 guide
binding site - donor strand 3°. The guide binding site of the donor strand is at least partially
reverse complementary to the donor binding site of the guide nucleic acid such that the donor
hybridizes to the guide and is localized to the target site of the RNA guided endonuclease. The
5 end of the donor sequence and the 3° end of the genomic flap generated by nuclease nicking
activity are ligated by the DNA ligase, splinted by the donor binding site and a flap binding site
of the guide nucleic acid(s).

[0051] Fig. 1A-1C illustrate a non-limiting example of a system (1-sided Replacer 1). The
example includes a guide nucleic acid comprising: a spacer for targeting a genomic locus; a
scaffold for complexing and recruiting an endonuclease described herein; a donor binding site
for complexing with a donor strand; and a flap binding site for complexing with a genomic flap
of the genomic locus. The guide nucleic acid is shown complexed with an endonuclease (e.g., a
Cas9 nickase, nCas9) operatively coupled to a ligase. The guide nucleic acid may direct the
endonuclease to a genomic locus that is bound by the spacer of the guide nucleic acid. The
guide nucleic acid is also shown as partially complementary to a donor strand (complexing
between the donor binding site of the guide nucleic acid and guide binding site of the donor
strand). The endonuclease, when directed by the guide nucleic acid, can cleave or nick at least
one strand of the genomic locus, and the ligase can ligate one end of the donor strand with the
cleaved or nicked end of the genomic locus, thus incorporating the donor strand into the
genomic locus. The incorporation of the donor strand into the genomic locus may generate a
genomic flap that can be digested and removed by a nuclease.

[0052] Fig. 2A-2C illustrate a non-limiting example of a system (2-sided Replacer 1). The
guide nucleic acid in the example, similar to the guide nucleic acid of Fig 1A, comprises: a
spacer for targeting a genomic locus; a scaffold for complexing and recruiting an endonuclease
described herein; a donor binding site for complexing with a donor strand; and a flap binding
site for complexing with a genomic flap of the genomic locus. In Fig. 2A, a first guide nucleic
acid is shown complexed with a first endonuclease operatively coupled with a first ligase and a
second guide nucleic acid is complexed with a second endonuclease operatively coupled with a
second ligase. The first endonuclease and the second nuclease may each cleave at least one
strand of the genomic locus. The two cleaved ends of the genomic locus can then be ligated to
the two ends of the donor strand, thereby incorporating the donor strand into the genomic locus.
The insertion of the donor strand at the genomic locus may generate two genomic flaps that can
be digested and removed by a nuclease.

[0053] Fig. 3A-3C illustrate a non-limiting example of a system (1-sided Replacer 2). In the

example, a guide nucleic acid comprises: a spacer for targeting a genomic locus; a scaffold for
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complexing and recruiting an endonuclease described herein; and a donor binding site for
complexing with a donor strand. Also shown in Fig. 3A is a donor strand comprising at least
one overhang, where the overhang comprises: a flap binding site for complexing with a
genomic flap of the genomic locus; and a guide binding site for complexing with the guide
nucleic acid (via the donor binding site of the guide nucleic acid). The guide nucleic acid can be
complexed with an endonuclease (e.g., nCas9) operatively coupled to a ligase. The guide
nucleic acid in the example directs the endonuclease and the ligase to a genomic locus that is
bound by the spacer of the guide nucleic acid. The guide nucleic acid in the example is also
partially complementary to a donor strand (complexing between the donor binding site of the
guide nucleic acid and guide binding site of the donor strand). The endonuclease, when directed
by the guide nucleic acid, can cleave at least one strand of the genomic locus, and the ligase can
ligate one end of the donor strand with the cleaved end of the genomic locus, thus incorporating
the donor strand into the genomic locus. The incorporation of the donor strand into the genomic
locus may generate a genomic flap that can be digested and removed by a nuclease.

[0054] Fig. 4A-4C illustrates a non-limiting example of a system (2-sided Replacer 2). In the
example, where the guide nucleic acid, similar to the guide nucleic acid of Fig 3A, comprises a
spacer for targeting a genomic locus; a scaffold for complexing and recruiting an endonuclease
described herein; and a donor binding site for complexing with a donor strand. Also shown in
Fig. 4A is a donor strand comprising two overhangs, where the overhangs each comprise a flap
binding site for complexing with a genomic flap of the genomic locus; and a guide binding site
for complexing with a guide nucleic acid (via a donor binding site of the guide nucleic acid).
The flap binding site of the donor strand can bring the donor strand in close proximity with the
genomic locus after a genomic flap is generated after the endonuclease cleaves at least one
strand of the genomic locus. In Fig. 4A, a first guide nucleic acid is shown complexed with a
first endonuclease operatively coupled with a first ligase and a second guide nucleic acid is
complexed with a second endonuclease operatively coupled with a second ligase. In the
example, the first endonuclease and the second nuclease each cleave at least one strand of the
genomic locus. The two cleaved ends of the genomic locus can then be ligated to the two ends
of the donor strand, thereby incorporating the donor strand into the genomic locus. In the
example, the insertion of the donor strand at the genomic locus generates two genomic flaps
that can be digested and removed by a nuclease.

[0055] A system described herein (Replacer 3) may include a heterologous endonuclease
comprising an RNA-guided endonuclease such as nicking Cas9 as well as a ligase (e.g., a DNA
ligase) that can utilize a DNA splint. The guide nucleic acid optionally recruits a donor strand to

the site targeted by the endonuclease (e.g., a targeted genomic locus) and also generates a splint
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across from the donor strand (donor strand) and genomic flap generated by the nicking Cas9,
resulting in ligation of the donor strand and the genomic flap by the DNA ligase. At least part of
the flap binding site and donor binding site on the guide nucleic acid are DNA such that ligases
that utilize DNA splints are able to catalyze the intended reaction. The system can utilize one or
more guide nucleic acids that together can comprise the following components, optionally in
the following order: 5° spacer - scaffold - donor binding site (optional) - flap binding site 3.
The donor strand (donor strand) can comprise the following sequence components: 5” guide
binding site - donor strand 3’. The guide binding site of the donor strand is at least partially
reverse complementary to the donor binding site of the guide nucleic acid such that the donor
hybridizes to the guide and is localized to the target site of the RNA guided endonuclease. The
5’ end of the donor sequence and the 3’ end of the genomic flap generated by nuclease nicking
activity are ligated by the DNA ligase, splinted by the donor binding site and a flap binding site
of the guide nucleic acid(s).

[0056] Fig. SA-5C illustrate a non-limiting example of a system (1-sided Replacer 3). The
example includes a guide nucleic acid comprising: a spacer for targeting a genomic locus; a
scaffold for complexing and recruiting an endonuclease described herein; a donor binding site
for complexing with a donor strand; and a flap binding site for complexing with a genomic flap
of the genomic locus, wherein at least part of the flap binding site and donor binding site are
comprised of DNA. The guide nucleic acid is shown complexed with an endonuclease (e.g., a
Cas9 nickase, nCas9) operatively coupled to a ligase (e.g., an endogenous ligase or an
exogenous ligase). The guide nucleic acid may direct the endonuclease to a genomic locus that
is bound by the spacer of the guide nucleic acid. The guide nucleic acid is also shown as
partially complementary to a donor strand (complexing between the donor binding site of the
guide nucleic acid and guide binding site of the donor strand). The endonuclease, when directed
by the guide nucleic acid, can cleave at least one strand of the genomic locus, and the ligase can
ligate one end of the donor strand with the cleaved end of the genomic locus, thus incorporating
the donor strand into the genomic locus. The incorporation of the donor strand into the genomic
locus may generate a genomic flap that can be digested and removed by a nuclease.

[0057] Fig. 6A-6C illustrate a non-limiting example of a system (2-sided Replacer 3). The
guide nucleic acid in the example, similar to the guide nucleic acid of Fig. SA, comprises: a
spacer for targeting a genomic locus; a scaffold for complexing and recruiting an endonuclease
described herein; a donor binding site for complexing with a donor strand; and a flap binding
site for complexing with a genomic flap of the genomic locus, wherein at least part of the flap
binding site and donor binding site are comprised of DNA. In Fig. 6A, a first guide nucleic acid

is shown complexed with a first endonuclease operatively coupled with a first ligase and a
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second guide nucleic acid is complexed with a second endonuclease operatively coupled with a
second ligase. The first endonuclease and the second nuclease may each cleave at least one
strand of the genomic locus. The two cleaved ends of the genomic locus can then be ligated to
the two ends of the donor strand, thereby incorporating the donor strand into the genomic locus.
The insertion of the donor strand at the genomic locus may generate two genomic flaps that can
be digested and removed by a nuclease.

[0058] Ligation may be performed using a DNA ligase that can utilize an RNA splint such as
SplintR ligase--also known as PBCV-1 DNA Ligase--from Chlorella virus. In some aspects, the
system utilizes two guide nucleic acids targeting the CRISPR-guided ligase to target sites on
opposite strands flanking the genomic region of interest. In some aspects, each guide nucleic
acid interacts with a corresponding donor strand in the manner described above, resulting in
ligation of both donor strands which are reverse complementary with each other in the donor
strand regions.

[0059] A ligase that is fused or recruited to an endonuclease, or supplied in trans, can utilize
DNA as a splint, and a donor strand acts as the splint for the genomic flap generated by the
endonuclease and another donor strand. In some aspects, the donor strand comprises: 5” donor
strand - flap binding site - guide binding site (optional) 3’. The flap binding site on one donor
strand (Donor2) can be reverse complementary to the genomic flap, while the optional guide
binding site on Donor2 is reverse complementary to the optional donor binding site of a guide
nucleic acid (Guidel), and the donor strand can be at least partially reverse complementary to a
different donor strand (Donorl1). The 5 end of this Donorl and the 3° end of the genomic flap
can be ligated using the flap binding site and donor strand of the Donor2 as a splint. Such 2-
sided approach utilizing dual guide nucleic acids with different spacer sequences can be
adopted with Donor2, which provides the splint at the first genomic site and can be ligated on
its 5" end to a 3’ end of a different genomic flap at a nick created using a second Replacer2
guide nucleic acid (Guide2) with a spacer sequence that targets a second site. The donor
binding site on the second guide nucleic acid system can optionally recruit Donorl via
hybridization with its optional guide binding site, and the Donor1 acts as the DNA splint for
ligation of Donor2 to the 3° end of the genomic flap at the target site of the second guide
nucleic acid.

[0060] Following ligation, the remaining flaps of native genomic DNA can be excised via
exogenously delivered or endogenous flap endonucleases or exonucleases. Examples of
exogenous nucleases that can be introduced into the cell include human flap endonuclease 1
(hFENT), human exonuclease 5 (hEXO5), T5 exonuclease, T7 exonuclease, exonuclease VIII,

the flap endonuclease domain of E. coli Poll, RecJF, Lambda exonuclease, Xni (ExoIXI) from
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Escherichia coli, SaFEN (Staphylococcus aureus FEN), nuclease BAL-31, or fragments thereof.
The endonucleases or exonucleases can optionally be fused, recruited, or unfused to the RNA-
guided endonuclease or DNA ligase by utilizing peptide linkers, heterodimerization domains, or
two separate peptides, respectively.

[0061] In some aspects, the system, composition, or method described herein utilizes additional
protein that binds to the cleaved or nicked site. For example, the system, composition, or
method described herein can include Ku protein or Gam protein from bacteriophage Mu, where
the binding of the Ku protein or Gam protein can increase ligation efficiency of the integration
nucleic acid at the cleaved or nicked site.

[0062] A system or method described herein may use a nicking endonuclease and, therefore,
does not generate double stranded breaks. Furthermore, the system described herein addresses
the issue of poor editing efficiencies in nondividing cells through a mechanism of action which
only depends on the exogenous components delivered to the cells using mRNA, viral vectors,
guide nucleic acids, DNA, or peptides, or any other modalities. Therefore, the system does not
require the presence of cell cycle-dependent endogenous cell processes or components such as
HDR or dNTPS. As such, the system described herein allows efficiency that is not hindered in
nondividing cells. Furthermore, the system enables replacement of both strands of a targeted
region of the genome, which can increase editing efficiency.

[0063] A donor strand may contain a high degree of homology with the replaced genomic
DNA. These donors may contain mutations to the genomic DNA such as pathogenic mutation
correction, disabling of CRISPR protospacer adjacent motif (PAM) sites, disruption of the
guide’s spacer sequences, other substitution mutations, or a combination thereof. Additional
substitution mutations may be included to increase donor-donor homology versus donor-
genome homology to promote hybridization of donor strands and incorporation into the
genome. Donor strands may also encode deletions or insertions of nucleotides, or may encode a
complex combination of the above which then replaces the target genomic DNA. Optionally,
guide and donor strands may be chemically modified using nucleic acid chemistries such as
phosphorothioate bonds or 2’-O-methylation. Optionally, guide nucleic acids may include
hairpin sequences. Optionally, any combination of guide nucleic acids, donor strands, and
proteins can be complexed, using an annealing reaction (gradual reduction in temperature) for
example, prior to delivering the editing components to the cell.

[0064] Protein components (e.g. nicking Cas9, ligase) may be modified using nuclear
localization signals, cell penetrating peptides, or chromatin disrupting peptides in order to

improve delivery efficiency to genomic targets.
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[0065] The predominant cellular DNA repair pathway for resolving small (< 13nt) mismatches
between genomic DNA strands is mismatch repair (MMR). For single stranded donor ligation,
the ligated donor strand forms a DNA heteroduplex with the reverse complementary genomic
DNA strand. This may also occur with competitive hybridization between ligated donor strand
strands and genomic DNA strands. In these cases, MMR activity can excise and revert
mismatches in the donor strand using the genomic strand as a template, resulting in reduced
editing. Expression of dominant negative versions of MMR proteins has been shown to inhibit
the MMR pathway and improve editing outcome in cases where similar DNA heteroduplexes
are generated. In some aspects, dominant negative MMR peptides such as MSH2 (G674A) and
MLHI1 (del754-756) may be delivered as part of the system described herein to improve
genomic editing capability, particularly in cells which overexpress the MMR pathway. In some
aspects, these dominant negative MMR peptides can be delivered as a fusion (e.g., fused with
any component of the system described herein), recruited, or as separate peptides.
Endonucleases
[0066] Disclosed herein are endonucleases. The endonuclease may be included in a
composition, system or method disclosed herein. The endonuclease may be recombinant. The
endonuclease may be coupled to a ligase. The endonuclease may be coupled directly or
indirectly to the ligase. The coupling may be covalent or non-covalent. The endonuclease may
be bound or connected to a ligase. The endonuclease may be recruited to, be part of a fusion
protein with, or be used in conjunction with the ligase. The endonuclease may be heterologous.
Heterologous may indicate a source from without a cell. Where a heterologous endonuclease is
described, a non-heterologous (e.g. endogenous) endonuclease may be used in some instances.
The endonuclease may be encoded in a cell. The endonuclease may be delivered to the cell in
trans. The endonuclease may catalyze cleavage of a phosphate bond within an integrating
nucleic acid. The endonuclease may be guided by a guide nucleic acid to cleave or nick a target
nucleic acid for ligation of an integrating nucleic acid at the cleavage or nick site. The
endonuclease may include any aspect included in Fig. 1A-6C.

[0067] The endonuclease may be non-naturally occurring. The endonuclease may be
engineered. The endonuclease may be synthetic. The endonuclease may be pre-synthetized. The
endonuclease may be added to a subject or a cell. The endonuclease may be encoded by a
nucleic acid. The encoding nucleic acid may be engineered, synthetic, or added to a subject or a
cell.

[0068] At least part of the endonuclease may be included in a first polypeptide. At least part of
the endonuclease may be included in a second polypeptide. The endonuclease may be split into

two or more polypeptides bound together. The first polypeptide may include an N-terminal

-20-



WO 2023/086834 PCT/US2022/079567
portion of the endonuclease. The first polypeptide may include a C-terminal portion of the
endonuclease. The second polypeptide may include the N-terminal portion of the endonuclease.
The second polypeptide may include the C-terminal portion of the endonuclease. The first or
second polypeptide comprising a part of the endonuclease may be fused with at least part, or the
whole, of the ligase
[0069] Described herein, in some aspects, is a system comprising at least one endonuclease. In
some aspects, the endonuclease is a programmable endonuclease, where the endonuclease can
be complexed with and directed by a guide nucleic acid described herein to a genomic locus.
The endonuclease may bind DNA. In some aspects, the endonuclease is a RNA-guided
endonuclease. In some aspects, the endonuclease can introduce a single-stranded break.
Examples of RNA-guided endonucleases can include CRISPR/Cas endonucleases (e.g., class 2
CRISPR/Cas endonucleases such as a type I, type V, or type VI CRISPR/Cas endonucleases).
A CRISPR/Cas endonuclease is also referred to as a CRISPR/Cas effector polypeptide. A
suitable endonuclease is a CRISPR/Cas endonuclease (e.g., a class 2 CRISPR/Cas endonuclease
such as a type II, type V, or type VI CRISPR/Cas endonuclease). In some cases, a suitable
RNA-guided endonuclease is a class 2 CRISPR/Cas endonuclease. In some cases, a suitable
RNA-guided endonuclease is a class 2 type II CRISPR/Cas endonuclease (e.g., a Cas9 protein).
In some cases, an endonuclease includes a class 2 type V CRISPR/Cas endonuclease (e.g., a
Cpfl protein, a C2cl protein, or a C2c3 protein). In some cases, a suitable RNA-guided
endonuclease is a class 2 type VI CRISPR/Cas endonuclease (e.g., a C2¢c2 protein; also referred
to as a “Cas13a” protein). Also suitable for use is a CasX protein. Also suitable for use is a
CasY protein. In some aspects, the endonuclease can include any one of the Cas described
herein complexed with a guide nucleic acid (e.g., a gRNA) as an RNP complex.

[0070] In some cases, the endonuclease is a Type II CRISPR/Cas endonuclease. In some cases,
the endonuclease is a Cas9. Cas9 functions as an RNA-guided endonuclease that uses a dual-
guide RNA having a crRNA and trans-activating crRNA (tractrRNA) for target recognition and
cleavage by a mechanism involving two nuclease active sites in Cas9 that together generate
double-stranded DNA breaks (DSBs), or can individually generate single-stranded DNA breaks
(SSBs). The Type II CRISPR endonuclease Cas9 and engineered dual- (dgRNA) or single
guide RNA (sgRNA) form a ribonucleoprotein (RNP) complex that can be targeted to a desired
DNA sequence. Guided by a dual-RNA complex or a chimeric single-guide RNA, Cas9
generates site-specific DSBs or SSBs within double-stranded DNA (dsDNA) target nucleic
acids, which are repaired either by non-homologous end joining (NHEJ) or homology-directed
recombination (HDR).The Cas9 can be guided to a target site (e.g., stabilized at a target site)

within a target nucleic acid sequence by virtue of its association with the RNA-binding segment
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of the Cas9 to guide RNA. A Cas9 protein can bind and/or modify (e.g., cleave, nick,
methylate, demethylate, etc.) a target nucleic acid and/or a polypeptide associated with target
nucleic acid (e.g., methylation or acetylation of a histone tail)(e.g., when the Cas9 protein
includes a fusion partner with an activity). In some cases, the Cas9 protein is a naturally-
occurring protein (e.g., naturally occurs in bacterial and/or archaeal cells). In other cases, the
Cas9 protein is not a naturally-occurring polypeptide (e.g., the Cas9 protein is a variant Cas9
protein, a chimeric protein, and the like).
[0071] Naturally occurring Cas9 proteins may bind a Cas9 guide RNA, are thereby directed to a
specific sequence within a target nucleic acid (a target site), and cleave the target nucleic acid
(e.g., cleave dsDNA to generate a double strand break, cleave ssDNA, cleave ssRNA, etc.). A
chimeric Cas9 protein may include a fusion protein comprising a Cas9 polypeptide fused to a
heterologous protein (referred to as a fusion partner), where the heterologous protein provides
an activity (e.g., one that is not provided by the Cas9 protein). The fusion partner can provide
an activity, e.g., enzymatic activity (e.g., nuclease activity, activity for DNA and/or RNA
methylation, activity for DNA and/or RNA cleavage, activity for histone acetylation, activity
for histone methylation, activity for RNA modification, activity for RNA-binding, activity for
RNA splicing etc.). In some cases, a portion of the Cas9 protein (e.g., the RuvC domain and/or
the HNH domain) exhibits reduced nuclease activity relative to the corresponding portion of a
wild type Cas9 protein (e.g., in some cases the Cas9 protein is a nickase). In some cases, the
Cas9 protein is enzymatically inactive, or has reduced enzymatic activity relative to a wild-type
Cas9 protein (e.g., relative to Streptococcus pyogenes Cas9). In some cases, the Cas9 is a Cas9
nickase. The Cas9 nickase can be generated by mutating a Cas9 nuclease domain. Non-limiting
example of the Cas9 nickase can include SpCas9, SaCas9, CjCas9, GeoCas9, HpaCas9, and
NmeCas9. In some aspects, the endonuclease described herein comprises any one of the Cas9 in
Table 1. In some aspects, the endonuclease described herein comprises a polypeptide sequence
that is at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least

99%, or more identical to the polypeptide sequence of any one of the Cas9 in Table 1.
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Table 1. Non-limiting examples of Cas9 polypeptide sequence

PCT/US2022/079567

Name

Cas9 polypeptide sequence

SEQ ID
NO:

SpyCas9

MDKKYSIGLDIGTNSVGWAVITDEYK VPSKKFK VLGNTDRHSIKKN
LIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYV
DDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQ
LVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFY
KFIKPILEKMDGTEELLVKLNREDLLRK QR TFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTR
KSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLL
YEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK TNRKV
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDK VMKQLK
RRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIH
DDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKE
LGSQILKEHPVENTQLQNEKLYLY YLQNGRDMY VDQELDINRLSD
YDVDHIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQ
ITKHVAQILDSRMNTK YDENDKLIREVK VITLK SKLVSDFRKDFQFY
KVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDV
RKMIAKSEQEIGK ATAKYFFY SNIMNFFK TEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILP
KRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK
LKSVKELLGITIMER SSFEKNPIDFLEAKGYKEVKKDLIKLPKYSLF
ELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSP
EDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDKVLSAYNK
HRDKPIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD

1

Nicking
SpyCas9
(H840A)

MDKKY SIGLDIGTNSVGWAVITDEYK VPSKKFK VLGNTDRHSIKKN
LIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYV
DDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQ
LVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFY
KFIKPILEKMDGTEELLVKLNREDLLRK QRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTR
KSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLL
YEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK TNRKV
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDK VMKQLK
RRRYTGWGRLSRKLINGIRDKQSGK TILDFLKSDGFANRNFMQLIH
DDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKE
LGSQILKEHPVENTQLQNEKLYLY YLQNGRDMY VDQELDINRLSD
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Name

Cas9 polypeptide sequence

SEQ ID
NO:

YDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQ
ITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFY
KVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDV
RKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILP
KRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK
LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIKLPKYSLF
ELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSP
EDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNK
HRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD

Nicking
SpyCas9

(H840A)
R221K
N394K

MDKKY SIGLDIGTNSVGWA VITDEYK VPSKKFK VLGNTDRHSIKKN
LIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYV
DDSFFHRLEESFL VEEDKKHERHPIFGNIVDEVAYHEK YPTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQ
LVQTYNQLFEENPINASGVDAKAILSARLSKSRKLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFY
KFIKPILEKMDGTEELLVKLKREDLLRKQRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTR
KSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLL
YEYFTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFK TNRKV
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLK
RRRYTGWGRLSRKLINGIRDKQSGKTILDFLK SDGFANRNFMQLIH
DDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVK VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKE
LGSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSD
YDVDAIVPQSFLKDDSIDNK VL TRSDKNRGK SDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQ
ITKHVAQILDSRMNTK YDENDKLIREVK VITLK SKLVSDFRKDFQFY
KVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDV
RKMIAKSEQEIGK ATAKYFFY SNIMNFFK TEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILP
KRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK
LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLF
ELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSP
EDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDKVLSAYNK
HRDKPIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD

Nicking
SpyCas9
(D10A)

MDKKY SIGLAIGTNSVGWAVITDEYK VPSKKFK VLGNTDRHSIKKN
LIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKYV
DDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQ
LVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEK YKEIFFDQSKNGYAGYIDGGASQEEFY
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Name

Cas9 polypeptide sequence

SEQ ID
NO:

KFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTR
KSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLL
YEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKYV
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLK
RRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIH
DDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKE
LGSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSD
YDVDHIVPQSFLKDDSIDNK VLTRSDKNRGKSDNVPSEEVVKKMK
NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQ
ITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFY
KVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDV
RKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILP
KRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK
LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLF
ELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSP
EDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNK
HRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD

SauCas9

MKRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEGR
RSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARV
KGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQIS
RNSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLL
KVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFQIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEF
TNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLN
SELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNR
LKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYG
LPNDIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENA
KYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSF
DNSFNNKVLVKQEENSKKGNRTPFQYLSSSDSKISYETFKKHILNLA
KGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMN
LLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAE
DALITANADFIFKEWKKLDKAKK VMENQMFEEKQAESMPEIETEQE
YKEIFITPHQIKHIKDFKDYKY SHRVDKKPNRELINDTLYSTRKDDK
GNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLK
LIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNK
LNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNL
DVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGEL
YRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQS
IKKYSTDILGNLYEVK SKKHPQIIKKG*
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Cas9 polypeptide sequence

SEQ ID
NO:

Nicking
SauCas9
(N580A)

MKRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGR
RSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEARV
KGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQIS
RNSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLL
KVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFQIUENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEF
TNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLN
SELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNR
LKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYG
LPNDIITELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENA
KYLIEKIKLHDMQEGKCLY SLEAIPLEDLLNNPFNYEVDHIIPRSVSF
DNSFNNKVLVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNLA
KGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMN
LLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAE
DALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQE
YKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDK
GNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLK
LIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNK
LNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNL
DVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGEL
YRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQS
IKKYSTDILGNLYEVKSKKHPQIIKKG*

6

KKH-
SaCas9

MGKRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEG
RRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEAR
VKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQI
SRNSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLL
KVQKAYHQLDQSFIDTYIDLLETRRTY YEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEF
TNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLN
SELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNR
LKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYG
LPNDIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENA
KYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSF
DNSFNNKVLVKQEENSKKGNRTPFQYLSSSDSKISYETFKKHILNLA
KGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMN
LLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAE
DALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQE
YKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDK
GNTLIVNNLNGLYDKDNDKLKKLINKSPEKLIMYHHDPQTYQKLK
LIMEQYGDEKNPLYKYYEETGNYLTKY SKKDNGPVIKKIKYYGNK
LNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNL
DVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYKNDLIKINGEL
YRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPHIIKTIASKTQS
IKKYSTDILGNLYEVKSKKHPQIKK

Nicking
KKH-
SaCas9

(N580A)

MGKRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEG
RRSKRGARRLKRRRRHRIQRVKKLLFDYNLLTDHSELSGINPYEAR

VKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQI
SRNSKALEEKYVAELQLERLKKDGEVRGSINRFKTSDYVKEAKQLL
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Name

Cas9 polypeptide sequence

SEQ ID
NO:

KVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEWY
EMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKL
EYYEKFQIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEF
TNLKVYHDIKDITARKEIIENAELLDQIAKILTIYQSSEDIQEELTNLN

SELTQEEIEQISNLKGYTGTHNLSLKAINLILDELWHTNDNQIAIFNR

LKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIKKYG
LPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENA
KYLIEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSF

DNSFNNKVLVKQEEASKKGNRTPFQYLSSSDSKISYETFKKHILNLA
KGKGRISKTKKEYLLEERDINRFSVQKDFINRNLVDTRYATRGLMN
LLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKGYKHHAE
DALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQE
YKEIFITPHQIKHIKDFKDYKYSHRVDKKPNRKLINDTLYSTRKDDK
GNTLIVNNLNGLYDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLK
LIMEQYGDEKNPLYKYYEETGNYLTKYSKKDNGPVIKKIKYYGNK

LNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVYKFVTVKNL

DVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYKNDLIKINGEL

YRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPHIIKTIASKTQS
IKKYSTDILGNLYEVKSKKHPQIKK

CjCas9

MARILAFDIGISSIGWAFSENDELKDCGVRIFTKVENPKTGESLALPR
RLARSARKRLARRKARLNHLKHLIANEFKLNYEDYQSFDESLAKA
YKGSLISPYELRFRALNELLSKQDFARVILHIAKRRGYDDIKNSDDK
EKGAILKAIKQNEEKLANYQSVGEYLYKEYFQKFKENSKEFTNVRN
KKESYERCIAQSFLKDELKLIFKKQREFGFSFSKKFEEEVLSVAFYK
RALKDFSHLVGNCSFFTDEKRAPKNSPLAFMFVALTRIINLLNNLKN
TEGILYTKDDLNALLNEVLKNGTLTYKQTKKLLGLSDDYEFKGEK
GTYFIEFKKYKEFIKALGEHNLSQDDLNEIAKDITLIKDEIKLKKALA
KYDLNQNQIDSLSKLEFKDHLNISFKALKLVTPLMLEGKKYDEACN
ELNLKVAINEDKKDFLPAFNETYYKDEVTNPVVLRAIKEYRKVLNA
LLKKYGKVHKINIELAREVGKNHSQRAKIEKEQNENYKAKKDAEL
ECEKLGLKINSKNILKLRLFKEQKEFCAY SGEKIKISDLQDEKMLEID
HIYPYSRSFDDSYMNKVLVFTKQNQEKLNQTPFEAFGNDSAKWQK
IEVLAKNLPTKKQKRILDKNYKDKEQKNFKDRNLNDTRYIARLVLN
YTKDYLDFLPLSDDENTKILNDTQKGSKVHVEAKSGMLTSALRHTW
GFSAKDRNNHLHHAIDAVIIAY ANNSIVKAFSDFKKEQESNSAELYA
KKISELDYKNKRKFFEPFSGFRQKVLDKIDEIFVSKPERKKPSGALH
EETFRKEEEFYQSYGGKEGVLKALELGKIRKVNGKIVKNGDMFRV
DIFKHKKTNKFYAVPIYTMDFALKVLPNKAVARSKKGEIKDWILM
DENYEFCFSLYKDSLILIQTKDMQEPEFVYYNAFTSSTVSLIVSKHD
NKFETLSKNQKILFKNANEKEVIAKSIGIQNLKVFEKYIVSALGEVT
KAEFRQREDFKK
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Name

Cas9 polypeptide sequence

SEQ ID
NO:

GeoCas
9

MRYKIGLDIGITSVGWAVMNLDIPRIEDLGVRIFDRAENPQTGESLA
LPRRLARSARRRLRRRKHRLERIRRLVIREGILTKEELDKLFEEKHEI
DVWQLRVEALDRKLNNDELARVLLHLAKRRGFKSNRKSERSNKEN
STMLKHIEENRAILSSYRTVGEMIVKDPKFALHKRNKGENYTNTIAR
DDLEREIRLIFSKQREFGNMSCTEEFENEYITIWASQRPVASKDDIEK
KVGFCTFEPKEKRAPKATYTFQSFIAWEHINKLRLISPSGARGLTDE
ERRLLYEQAFQKNKITYHDIRTLLHLPDDTYFKGIVYDRGESRKQN
ENIRFLELDAYHQIRKAVDKVYGKGKSSSFLPIDFDTFGYALTLFKD
DADIHSYLRNEYEQNGKRMPNLANKVYDNELIEELLNLSFTKFGHL
SLKALRSILPYMEQGEVYSSACERAGYTFTGPKKKQKTMLLPNIPPI
ANPVVMRALTQARKVVNAIIKKYGSPVSIHIELARDLSQTFDERRKT
KKEQDENRKKNETAIRQLMEYGLTLNPTGHDIVKFKLWSEQNGRC
AYSLQPIEIERLLEPGYVEVDHVIPYSRSLDDSYTNKVLVLTRENRE
KGNRIPAEYLGVGTERWQQFETFVLTNKQFSKKKRDRLLRLHYDE
NEETEFKNRNLNDTRYISRFFANFIREHLKFAESDDKQKVYTVNGR
VTAHLRSRWEFNKNREESDLHHAVDAVIVACTTPSDIAKVTAFYQR
REQNKELAKKTEPHFPQPWPHFADELRARLSKHPKESIKALNLGNY
DDQKLESLQPVFVSRMPKRSVTGAAHQETLRRYVGIDERSGKIQTV
VKTKLSEIKLDASGHFPMYGKESDPRTYEAIRQRLLEHNNDPKKAF
QEPLYKPKKNGEPGPVIRTVKIIDTKNQVIPLNDGKTVAYNSNIVRV
DVFEKDGKYYCVPVYTMDIMKGILPNKAIEPNKPYSEWKEMTEDY
TFRFSLYPNDLIRIELPREKTVKTAAGEEINVKDVFVYYKTIDSANG
GLELISHDHRFSLRGVGSRTLKRFEKYQVDVLGNIYKVRGEKRVGL
ASSAHSKPGKTIRPLQSTRD

10

HpaCas

MENKNLNYILGLDLGIASVGWAVVEIDEKENPLRLIDVGVRTFERA
EVPKTGESLALSRRLARSARRLTQRRVARLKKAKRLLKSENILLSTD
ERLPHQVWQLRVEGLDHKLERQEWAAVLLHLIKHRGYLSQRKNES
KSENKELGALLSGVDNNHKLLQQATYRSPAELAVKKFEVEEGHIRN
QQGAYTHTFSRLDLLAEMELLFSRQQHFGNPFASEKLLENLTALLM
WQKPALSGEAILKMLGKCTFEDEYKAAKNTYSAERFVWITKLNNL
RIQENGLERALNDNERLALMEQPYDKNRLFYSQVRSILKLSDEAIFK
GLRYSGEDKKAIETKAVLMEMKAYHQIRKVLEGNNLKAEWAELK
ANPTLLDEIGTAFSLYKTDEDISAYLAGKLSQPVLNALLENLSFDKFI
QLSLKALYKLLPLMQQGLRYDEACREIYGDHYGKKTEENHHFLPQI
PADEIRNPVVLRTLTQARKVINGVVRLYGSPARIHIETGREVGKSYK
DRRELEKRQEENRKQRENAIKEFKEYFPHFAGEPKAKDILKMRLYK
QQNAKCLYSGKPIELHRLLEKGYVEVDHALPFSRTWDDSFNNK VL
VLANENQNKGNLTPFEWLDGKHNSERWRAFKALVETSAFPYAKK
QRILSQKLDEKGFIERNLNDTRYVARFLCNFIADNMHLTGEGKRKYV
FASNGQITALLRSRWGLAKSREDNDRHHALDAVVVACSTVAMQQ
KITRFVRFEAGDVFTGERIDRETGEIIPLHFPTPWQFFKQEVEIRIFSD
NPKLELENRLPDRPQANHEFVQPLFVSRMPTRKMTGQGHMETVKS
AKRLNEGISVIKMPLTKLKLKDLELMVNREREKDLYDTLKARLEAF
NDDPAKAFAEPFIKKGGAIVKSVRVEQIQKSGVLVREGNGVADNAS
MVRVDVFTKGGKYFLVPIYTWQVAKGILPNKAATQYKDEEDWEV
MDNSATFKFSLHPNDLVKLVTKKKTILGYFNGLNRATGNIDIKEHD
LDKSKGKQGIFEGVGIKLALSFEKYQVDELGKNIRLCKPSKRQPVR

11
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Name

Cas9 polypeptide sequence

SEQ ID
NO:

SmuCas
9

MMMEKFHYVLGLDLGIASVGWAAIEIDKETETSIGLLDCGVRTFER
AEVPKTGDSLAKARREARSTRRLIRRRSHRLLRLKRLLKREIFRQPE
TFKDLPINAWQLRVKGLDSRLNEYEWAAVLLHLVKHRGYLSQRKS
EMSETDSKSEMGRLLAGVAENHQLLQQEQYRTPAELALKKFVKHF
RNKGGDYAHTFNRLDLQAELHLLFQKQRELGNPFTSPELERQVDDL
LMTQRSALQGDAILKMLGHCGFEPEQFKAAKNTFSAERFIWLTKLN
NLRIQDQGKERALTADERTKLLDEPYKKSKLTYAQVRKLLSLPQTA
IFKGLRYDLEHDKKAENSTLMEMKSYHNIRQTLEKSGLKTEWQSIA
TQPEILDAIGTAFSIYK TDEDISHELK TCRLPENVLNELLKNINFDGFI
QLSLTALRKILPLMEQGYRYDEACTQIY GNHHSGSLQQESKQFLPHI
PIDDVRNPVVFRTLTQARKVVNAIIRRYGSPAR VHIEMARELGKSKS
DRDRIEKQQQKNKKERENAVAKFKEDFPDFVGEPRGKDILKMRLY
EQQHGKCLYSGHDIDINRLNEKGY VEIDHALPFSRTWDDSQNNK VL
VLGSENQNKRNQTPDEYLDGANNSQRWLEFQARVQTCHFSYGKK
QRIQLAKLDDETEKGFLERNLNDTRYIARFMCQFVQENLYLTGKGK
RLVFASNGGMTATLRNLWGLRK VREDNDRHHALDAIVVACSTAS
MQQKITKAFQRHESIEY VDTETGEVKFRIPQPWDFFRQEVMIR VFSD
QPCEDLVEKLSARPEALHDNVTPLFVSRAPNRKMSGQGHLETIKSA
KRLSEENSMVKKPLTTLKLKDIPEIVGYPSREPQLYAALKTRLETHD
DDPIKAFAKPFYKPNKNGELGALVRSVRVKGVQNTGVMVHDGKGI
ADNATMVRVDVYTKAGKNYLVPVYVWQVAQGILPNRAVTSGKSE
ADWDLIDESFEFKFSLSRGDLVEMISNKGRIFGY YNGLDRANGSIGI
REHDLEK SKGKDGVHRVGVKTATAFNKYHVDPLGKEIHRCSSEPR
PTLKIKSKK

12

NmeCas
9

MAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFER
AEVPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQ
AANFDENGLIKSLPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRG
YLSQRKNEGETADKELGALLKGVAGNAHALQTGDFRTPAELALNK
FEKESGHIRNQRSDYSHTFSRKDLQAELILLFEKQKEFGNPHVSGGL
KEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNTYTAERF
IWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKL
LGLEDTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDK
KSPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRIQPEILEALLKHISF
DKFVQISLKALRRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIY
LPPIPADEIRNPVVLRALSQARKVINGVVRRYGSPARIHIETAREVGK
SFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDILKLRL
YEQQHGKCLYSGKEINLGRLNEKGY VEIDHALPFSRTWDDSFNNK
VLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSK
KQRILLQKFDEDGFKERNLNDTRY VNRFLCQFVADRMRLTGKGKK
RVFASNGQITNLLRGFWGLRKVRAENDRHHALDAVVVACSTVAM
QQKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHFPQPWEFFAQEV
MIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPLFV
SRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEK
MVNREREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQ
QVKAVRVEQVQKTGVWVRNHNGIADNATMVRVDVFEKGDKYYL
VPIYSWQVAKGILPDRAVVQGKDEEDWQLIDDSFNFKFSLHPNDLV
EVITKKARMFGYFASCHRGTGNINIRIHDLDHKIGKNGILEGIGVKT
ALSFQKYQIDELGKEIRPCRLKKRPPVR

13
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[0072] Some aspects include an endonuclease such as an RNA-guided endonuclease. The
RNA-guided endonuclease may comprise a class I CRISPR/Cas endonuclease. The RNA-
guided endonuclease may comprise a Cas9 endonuclease. The RNA-guided endonuclease may
comprise a nickase. The RNA-guided endonuclease may comprise an amino acid sequence at
least 80% identical to the amino acid sequence of any one of SEQ ID NOS: 1-13, or a
functional fragment thereof.

[0073] The endonuclease may introduce a single-strand break in a target nucleic acid. The
endonuclease may introduce a single-strand break in a target nucleic acid without cleaving a
strand opposite the single strand break. The endonuclease may include a nickase. In some
instances, the endonuclease may exclude an endonuclease that introduces a double strand break.
The endonuclease may exclude a restriction enzyme.

[0074] The endonuclease may be included as part of a fusion protein. In some cases, an
endonuclease is a fusion protein that is fused to a heterologous polypeptide such as the
heterologous ligase described herein. The heterologous polypeptide may include a fusion
partner. The fusion protein may include a fusion partner such as a DNA ligase, a nuclear
localization signal, chromatin modifying domain, cell penetrating peptide, or tag polypeptide.
The fusion protein may include one or more fusion partner. The fusion protein may include a
ligase. The fusion protein may include a nuclear localization signal, chromatin modifying
domain, cell penetrating peptide, or tag polypeptide.

[0075] The fusion partner may be connected to the N-terminus of the endonuclease. The fusion
partner may be connected to the C-terminus of the endonuclease. The endonuclease may be
connected at an N-terminus or a C-terminus to a linker. The fusion partner may be connected by
the fusion partner’s N-terminus or C-terminus. The fusion partner may be connected by the
fusion partner’s N-terminus to the endonuclease. The fusion partner may be connected by the
fusion partner’s C-terminus to the endonuclease. The fusion partner may be connected at an N-
terminus or a C-terminus to a linker.

[0076] In some cases, the endonuclease comprises a linker, where the linker covalently
connects the endonuclease to the heterologous polypeptide. The linker may connect the
endonuclease to any fusion partner. A linker may also connect any fusion partner to another
fusion partner. The linker polypeptide may have any of a variety of amino acid sequences.
Proteins can be joined by a spacer peptide, generally of a flexible nature, although other
chemical linkages are not excluded. Suitable linkers include polypeptides of between 4 amino
acids and 40 amino acids in length, or between 4 amino acids and 25 amino acids in length.
These linkers can be produced by using synthetic, linker-encoding oligonucleotides to couple

the proteins, or can be encoded by a nucleic acid sequence encoding the fusion protein. Peptide
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linkers with a degree of flexibility can be used. The linking peptides may have virtually any
amino acid sequence, bearing in mind that the preferred linkers will have a sequence that results
in a generally flexible peptide. The use of small amino acids, such as glycine and alanine, are of
use in creating a flexible peptide. The creation of such sequences is routine to those of skill in
the art. A variety of different linkers are commercially available and are considered suitable for
use. Examples of linker polypeptides include glycine polymers (G)n, glycine-serine polymers
(including, for example, (GS)n, (GSGGS)n, (GGSGGS)n, and (GGGS)n, where n is an integer
of at least one); glycine-alanine polymers; and alanine-serine polymers. Exemplary linkers can
comprise amino acid sequences including, but not limited to, GGSG, GGSGG, GSGSG,
GSGGG, GGGSG, GSSSG, and the like. Also suitable is a linker having the sequence
(GGGGS)n, where n is an integer of from 1to 10(e.g., 1,2,3,4,5,6,7,8,9, or 10). The
ordinarily skilled artisan will recognize that design of a peptide conjugated to any desired
element can include linkers that are all or partially flexible, such that the linker can include a
flexible linker as well as one or more portions that confer less flexible structure.

[0077] One or more linkers may be included in a fusion protein. 1,2, 3,4,5,6,7, 8,9, or 10
linkers, or a range of linkers defined by any two of the aforementioned integers, may be
included in the fusion protein. A linker may connect to an N-terminal end of at least part of the
endonuclease. A linker may connect to an N-terminal end of at least part of a fusion partner. A
linker may connect to an N-terminal end of at least part of a fusion ligase. A linker may connect
to an N-terminal end of a nuclear localization signal. A linker may connect to an N-terminal end
of a chromatin modifying domain. A linker may connect to an N-terminal end of a cell
penetrating peptide. A linker may connect to an N-terminal end of a tag polypeptide. A linker
may connect to a C-terminal end of at least part of the endonuclease. A linker may connect to a
C-terminal end of at least part of a fusion partner. A linker may connect to a C-terminal end of
at least part of a fusion ligase. A linker may connect to a C-terminal end of a nuclear
localization signal. A linker may connect to a C-terminal end of a chromatin modifying domain.
A linker may connect to a C-terminal end of a cell penetrating peptide. A linker may connect to
a C-terminal end of a tag polypeptide.

[0078] A linker may comprise a number or range of amino acids or residues. The linker may
include at least 1, at least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least
9, at least 10, at least 12, at least 13, at least 14, at least 15, at least 20, at least 25, at least 30, at
least 35, at least 40, at least 45, at least 50, at least 55, at least 60, at least 65, at least 70, at least
75, at least 80, at least 85, at least 90, at least 95, or at least 100 amino acid residues. The linker
may, in some aspects, include no more than 1, no more than 2, no more than 3, no more than 4,

no more than 5, no more than 6, no more than 7, no more than 8, no more than 9, no more than
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10, no more than 12, no more than 13, no more than 14, no more than 15, no more than 20, no
more than 25, no more than 30, no more than 35, no more than 40, no more than 45, no more
than 50, no more than 55, no more than 60, no more than 65, no more than 70, no more than 75,
no more than 80, no more than 85, no more than 90, no more than 95, or no more than 100
amino acid residues. A linker may include 1-10 amino acids, 1-25 amino acids, or 1-100 amino
acids.
[0079] Linkers may be included anywhere in a polypeptide chain or protein described herein.
For example, a linker may separate an endonuclease from a ligase. A linker may separate an
endonuclease from a nuclear localization signal, a chromatin modifying domain, a cell
penetrating peptide, or a tag polypeptide.
[0080] In some cases, the endonuclease comprises a nuclear localization sequence (e.g., one or
more nuclear localization signals or NLSs for targeting to the nucleus). In some aspects, the
NLS described herein comprises any one of the NLS in Table 2. In some aspects, the NLS
described herein comprises a polypeptide sequence that is at least 70%, at least 75%, at least
80%, at least 85%, at least 90%, at least 95%, at least 99%, or more identical to the polypeptide
sequence of any one of NLS in Table 2.

Table 2. Non-limiting examples of NLS polypeptide sequence

Name NLS polypeptide sequence SI;%FD
NLSI KRTADGSEFESPKKKRKY 14
NLS2 SGGSKRTADSQHSTPPK TKRKVEFEPKKKRKY 15
NLS3 KRPAATKKAGQAKKKK 16
NLS4 KKTELQTTNAENKTKKL 17
NLS5 KRGINDRNFWRGENGRKTR 18
NLS6 RKSGKIAAIVVKRPRK 19
NLS7 PKKKRKYV 20
NLS3 MDSLLMNRRKFLYQFKNVRWAKGRRETYLC 21
SGGSéé'tS’g?LS' SGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGS 22
SGGSé’ggéENm' SGGSSGGSSGSETPGTSESATPESSGGSSGGSS 23
SGGSSGGSSGGSSGGSSGGSSGGSSGGSSGGSSGG 24

SGGSx10 oo

[0081] A polynucleotide encoding an NLS polypeptide may be used. An example of such a
polynucleotide may be SGGSx2-bpNLS-SGGSx2:
TCCGGCGGAAGCTCTGGTGGCAGCAAGCGGACCGCCGACGGCTCTGAATTCGAGA
GCCCTAAGAAGAAAAGAAAGGTGAGCGGAGGCTCTAGCGGCGGAAGC (SEQ ID
NO: 25).
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[0082] In some aspects, the endonuclease comprises a dimerization domain. The dimerization
domain can be located at the N-terminus or C-terminus of the endonuclease. In some aspects,
the dimerization domain allows the endonuclease to form a heterodimer with another
polypeptide (e.g., the heterologous ligase ). In some aspects, the dimerization domain allows the
endonuclease to be functionally coupled with another polypeptide. Non-limiting examples of
the dimerization domains can include a leucine zipper, an FKBP, an FRB, a Calcineurin A, a
CyP-Fas, a GyrB, a GAL a GID1, a SNAP tag, a Halo tag, a Bcl-xL, a Fab, a LOV domain, or
SpyTag/SpyCatcher. Other example of dimerization domain can include an antibody such as
anyone of heavy chain domain 2 (CH2) of IgM (MHD?2) or IgE (EHD2), immunoglobulin Fc
region, heavy chain domain 3 (CH3) of IgG or IgA, heavy chain domain 4 (CH4) of IgM or
IgE, Fab, Fab2, leucine zipper motifs, barnase-barstar dimers, miniantibodies, or ZIP
miniantibodies. In some aspects, the dimerization domain described herein comprises any one
of the dimerization domain in Table 3. In some aspects, the dimerization domain described
herein comprises a polypeptide sequence that is at least 70%, at least 75%, at least 80%, at least
85%, at least 90%, at least 95%, at least 99%, or more identical to the polypeptide sequence of
any one of dimerization domain in Table 3.

Table 3. Non-limiting examples of dimerization domain sequence

Name Dimerization domain sequence S];%FD
Leucine zipper [LEIEAAFLERENTALETRVAELRQRVQRLRNRVSQYRTRYGPL 2
EE12RR345L |GGGK
Leucine zipper |[LEIRAAFLRQRNTALRTEVAELEQEVQRLENEVSQYETRYGPL 27
RRI12EE345L |GGGK

[0083] In some aspects, the endonuclease comprises at least one additional domain. In some
aspects, the at least one additional domain is a functional domain. For example, the functional
domain can comprises a chromatin modifying domain or a cell penetrating peptide. In some
aspects, the chromatin modifying domain described herein comprises any one of the chromatin
modifying domain in Table 4. In some aspects, the chromatin modifying domain described
herein comprises a polypeptide sequence that is at least 70%, at least 75%, at least 80%, at least
85%, at least 90%, at least 95%, at least 99%, or more identical to the polypeptide sequence of
any one of chromatin modifying domain in Table 4.

Table 4. Non-limiting examples of chromatin modifying domain polypeptide sequence

Name Chromatin modifying domain polypeptide sequence SEI:\I%FD
HI1G (histone
H1 central | STDHPKYSDMIVAAIQAEKNRAGSSRQSIQKYIKSHYKVGENA 23
globular DSQIKLSIKRLVTTGVLKQTKGVGASGSFRLAKSDEP
domain)
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Name

Chromatin modifying domain polypeptide sequence

SEQ ID
NO:

HMGB1

MGKGDPKKPRGKMSSYAFFVQTCREEHKKKHPDASVNFSEFS
KKCSERWKTMSAKEKGKFEDMAKADKARYEREMKTYIPPKG
ETKKKFKDPNAPKRPPSAFFLFCSEYRPKIKGEHPGLSIGDVAK
KLGEMWNNTAADDKQPYEKKAAKLKEKYEKDIAAYRAKGKP
DAAKKGVVKAEKSKKKKEEEEDEEDEEDEEEEEDEEDEDEEED
DDDE

29

HMGB2

MGKGDPNKPRGKMSSYAFFVQTCREEHKKKHPDSSVNFAEFS
KKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VPPKG
DKKGKKKDPNAPKRPPSAFFLFCSEHRPKIK SEHPGLSIGDTAK
KLGEMWSEQSAKDKQPYEQKAAKLKEKYEKDIAAYRAKGKS
EAGKKGPGRPTGSKKKNEPEDEEEEEEEEDEDEEEEDEDEE

30

HMGB3

MAKGDPKKPKGKMSAYAFFVQTCREEHKKKNPEVPVNFAEFS
KKCSERWKTMSGKEKSKFDEMAKADKVRYDREMKDYGPAK
GGKKKKDPNAPKRPPSGFFLFCSEFRPKIKSTNPGISIGDVAKKL
GEMWNNLNDSEKQPYITKAAKLKEKYEKDVADYKSKGKFDG
AKGPAKVARKKVEEEDEEEEEEEEEEEEEEDE

31

HMGNI1
(HN1)

MPKRKVSSAEGAAKEEPKRRSARLSAKPPAKVEAKPKKAAAK
DKSSDKKVQTKGKRGAKGKQAEVANQETKEDLPAENGETKTE
ESPASDEAGEKEAKSD

32

HMGN2

MPKRKAEGDAKGDKAKVKDEPQRRSARLSAKPAPPKPEPKPK
KAPAKKGEKVPKGKKGKADAGKEGNNPAENGDAKTDQAQKA

EGAGDAK

33

[0084] In some aspects, the cell penetrating peptide described herein comprises any one of the

cell penetrating peptide in Table 5. In some aspects, the cell penetrating peptide described

herein comprises a polypeptide sequence that is at least 70%, at least 75%, at least 80%, at least

85%, at least 90%, at least 95%, at least 99%, or more identical to the polypeptide sequence of

any one of cell penetrating peptide in Table 5.

Table 5. Non-limiting examples of cell penetrating peptide polypeptide sequence

Name Cell penetrating peptide sequence Sl;%f])
Penetratin | RQIKIYFQNRRMKWKK 34
TAT RKKRRQRRR 35
R3 RRRRRRRR 36
DPV3 RKKRRRESRKKRRRES 37
DPV6 GRPRESGKKRKRKRLKP 38
RO-TAT GRRRRRRRRRPPQ 39
pVEC LLIILRRRIRKQAHAHSK 40
ARF(19-31) | RVRVFVVWHIPRLT 41
MPG GALFLGFLGAAGSTMGAWSQPKKKRKYV 42
Transportan | GWTLNSAGYLLGKINLKALAALAKKIL 43
Bip4 VSALK 44
C105Y CSIPPEVKFNPFVYLI 45
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 46
gH625 HGLASTLTRWAHYNALIRAF 47
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[0085] In some aspects, the endonuclease comprises a tag, where the tag can be used for
increasing expression, identifying, or purifying the endonuclease. In some aspects, the tag
described herein comprises any one of the tag sequence in Table 6. In some aspects, the tag
described herein comprises a polypeptide sequence that is at least 70%, at least 75%, at least
80%, at least 85%, at least 90%, at least 95%, at least 99%, or more identical to the polypeptide
sequence of any one of the tag sequence in Table 6.

Table 6. Non-limiting examples of tag polypeptide sequence

Name Tag polypeptide sequence S];%?D
FLAG DYKDDDDK 48
His-Tag HHHHHH 49
CBP KRRWKKNFIAVSAANRFKKISSSGAL 50
MKIKTGARILALSALTTMMFSASALAKIEEGKLVIWINGDKGY
NGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDII
FWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNG
KLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKS
MBP ALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNA 51
GAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING
PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASP
NKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAK
DPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQ
TVDEALKDAQTRITK
Myc EQKLISEEDL 52
MKLFYKPGACSLASHITLRESGKDFTLVSVDLMKKRLENGDN
YFAVNPKGQVPALLLDDGTLLTEGVAIMQYLADSVPDRQLLA
GST PVNSISRYKTIEWLNYIATELHKGFTPLFRPDTPEEYKSTVRAQ 53
LEKKLQYVNEALKDEHWICGQRFTIADAYLFTVLRWAYAVKL
NLEGLEHIAAFMQRMAERPEVQDALSAEGLK
HA YPYDVPDYA 54
HA YAYDVPDYA 210
HA YDVPDYASL 211

[0086] In some embodiments, the endonuclease can be expressed as split construct as one or
more exteins fused to one or more inteins. Intein technology may be used to deliver large
proteins into a cell by expressing the protein as two or more shorter peptide segments (exteins).
Each extein may be expressed as a fusion with an intein peptide (e.g., an Npu C intein or an
Npu N intein). An intein may autocatalyze fusion of two or more exteins and may autocatalyze
excision of the intein from its corresponding extein. The result may be a protein complex
comprising a first extein fused to a second extein and lacking inteins. An intein may be
positioned N-terminal of the extein, or an intein may be positioned C-terminal of the extein. An
extein may comprise a cysteine residue positioned adjacent to the intein (e.g., at the C-terminal
end of an extein with an intein fused to the C-terminal end of the extein). The Cas nickase may

be expressed as two or more segments. A first of the Cas nickase segment may comprise an N-
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terminal portion of the Cas nickase. A first segment of the Cas nickase may comprise a first
intein. A second segment of the Cas nickase may comprise a C-terminal portion of the Cas
nickase. A second segment of the Cas nickase may comprise a second intein. An intein may be
fused to a C-terminus of an N-terminal portion of the Cas nickase. An intein may be fused to an
N-terminus of a C-terminal portion of the Cas nickase. A nucleic acid sequence encoding an
extein-intein fusion may fit into a delivery vector (e.g., an adeno-associated virus (AAV)
vector).

DNA Ligases

[0087] Disclosed herein are ligases. The ligase may be or include a DNA ligase. The ligase may
be included in a composition, system or method disclosed herein. The ligase may be
recombinant. The ligase may be coupled to the endonuclease. The ligase may be coupled
directly or indirectly to the endonuclease. The coupling may be covalent or non-covalent. The
ligase may be bound or connected to the endonuclease. The ligase may be recruited to, be part
of a fusion protein with, or be used in conjunction with an endonuclease. The ligase may be
heterologous. The ligase may be endogenous. Where a heterologous ligase is described, a non-
heterologous (e.g. endogenous) ligase may be used in some cases. The ligase may be encoded
in a cell. The ligase may be delivered to the cell in trans. The ligase may form a phosphodiester
bond by joining two nucleic acid ends together. The ligase may join an end (e.g. 5’ or 3’ end) of
a target nucleic acid to an integrating nucleic acid (e.g. a 3’ or 5’ end of the integrating nucleic
acid). The ligase ligates an integrating nucleic acid to a cleaved or nicked end of a target nucleic
acid where the cleaved or nicked end has been generated by an endonuclease such as an RNA-
guided endonuclease. The ligase may include any aspect included in Fig. 1A-6C.

[0088] The ligase may be non-naturally occurring. The ligase may be engineered. The ligase
may be synthetic. The ligase may be pre-synthetized. The ligase may be added to a subject or a
cell. The ligase may be encoded by a nucleic acid. The encoding nucleic acid may be
engineered, synthetic, or added to a subject or a cell.

[0089] At least part of the ligase may be included in a first polypeptide. At least part of the
ligase may be included in a second polypeptide. The ligase may be split into two polypeptides
bound together. The first polypeptide may include an N-terminal portion of the ligase. The first
polypeptide may include a C-terminal portion of the ligase. The second polypeptide may
include the N-terminal portion of the ligase. The second polypeptide may include the C-
terminal portion of the ligase. The first or second polypeptide comprising a part of the ligase
may be fused with at least part, or the whole, of the endonuclease.

[0090] Examples of DNA ligases are hLIG1, T4 ligase, T7 ligase, and ligases from Aquifex

aeolicus VFS5, Neisseria meningitidis serogroup A strain 22491, Neisseria meningitidis
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serogroup B strain MC58, Pseudomonas aeruginosa PAO1, Vibrio cholerae El Tor N1696,
Vaccinia virus, and Emiliania huxleyi virus.

[0091] The ligase may comprise a ligase that can ligate a substrate comprising DNA. In some
aspects, the ligase comprises a ligase that can ligate a substrate comprising a DNA splint. For
example, a DNA ligase may ligate a 5’ phosphate to a 3’ hydroxyl of two DNA strands that are
hybridized to another DNA strand. The splinting DNA strand may include an RNA portion. For
example, a DNA ligase may ligate a 5’ phosphate to a 3’ hydroxyl of two DNA strands that are
hybridized across from a DNA portion of an RNA/DNA hybrid strand. In some aspects, the
ligase comprises a ligase that can ligate a substrate comprising a DNA/RNA. In some aspects,
the ligase comprises a ligase that can ligate a substrate comprising a RNA splint. For example, a
DNA ligase may ligate a 5’ phosphate to a 3’ hydroxyl of two DNA strands that are hybridized
to an RNA strand. The RNA strand may include a DNA portion. For example, a DNA ligase
may ligate a 5” phosphate to a 3’ hydroxyl of two DNA strands that are hybridized across from
an RNA portion of an RNA/DNA hybrid strand.

[0092] In some aspects, the ligase described herein comprises any one of the ligase in Table 7.
In some aspects, the ligase described herein comprises a polypeptide sequence that is at least
70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or more
identical to the polypeptide sequence of any one of the ligase in Table 7.

Table 7. Non-limiting examples of ligase polypeptide sequence

SEQ
Name Ligase polypeptide sequence ID
NO:

splintR (chlorella | MAITKPLLAATLENIEDVQFPCLATPKIDGIRSVKQTQMLS 55
virus DNA ligase | RTFKPIRNSVMNRLLTELLPEGSDGEISIEGATFQDTTSAV

PBCV1) MTGHKMYNAKFSYYWFDY VTDDPLKKYIDRVEDMKNYIT
TVHPHILEHAQVKIIPLIPVEINNITELLQYERDVLSKGFEG
VMIRKPDGKYKFGRSTLKEGILLKMKQFKDAEATIISMTA
LFKNTNTKTKDNFGY SKRSTHKSGKVEEDVMGSIEVDYD
GVVFSIGTGFDADQRRDFWQNKESYIGKMVKFKYFEMGS
KDCPRFPVFIGIRHEEDR

hLIG1 MQRSIMSFFHPKKEGKAKKPEKEASNSSRETEPPPKAALK 56
EWNGVVSESDSPVKRPGRKAARVLGSEGEEEDEALSPAK

GQKPALDCSQVSPPRPATSPENNASLSDTSPMDSSPSGIPK

RRTARKQLPKRTIQEVLEEQSEDEDREAKRKKEEEEEETP

KESLTEAEVATEKEGEDGDQPTTPPKPLKTSKAETPTESVS
EPEVATKQELQEEEEQTKPPRRAPKTLSSFFTPRKPAVKKE
VKEEEPGAPGKEGAAEGPLDPSGYNPAKNNYHPVEDACW
KPGQKVPYLAVARTFEKIEEVSARLRMVETLSNLLRSVVA
LSPPDLLPVLYLSLNHLGPPQQGLELGVGDGVLLKAVAQA
TGRQLESVRAEAAEKGDVGLVAENSRSTQRLMLPPPPLTA
SGVFSKFRDIARLTGSASTAKKIDIIKGLFVACRHSEARFIA
RSLSGRLRLGLAEQSVLAALSQAVSLTPPGQEFPPAMVDA
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GKGKTAEARKTWLEEQGMILKQTFCEVPDLDRIIPVLLEH
GLERLPEHCKLSPGIPLKPMLAHPTRGISEVLKRFEEAAFT
CEYKYDGQRAQIHALEGGEVKIFSRNQEDNTGK YPDIISRI
PKIKLPSVTSFILDTEAVAWDREKKQIQPFQVLTTRKRKEV
DASEIQVQVCLYAFDLIYLNGESLVREPLSRRRQLLRENFV
ETEGEFVFATSLDTKDIEQIAEFLEQSVKDSCEGLMVKTLD
VDATYEIAKRSHNWLKLKKDYLDGVGDTLDLVVIGAYLG
RGKRAGRYGGFLLASYDEDSEELQAICKLGTGFSDEELEE
HHQSLKALVLPSPRPYVRIDGAVIPDHWLDPSAVWEVKC
ADLSLSPIYPAARGLVDSDKGISLRFPRFIRVREDKQPEQAT
TSAQVACLYRKQSQIQNQQGEDSGSDPEDTY

hLIG1(233-919) | TPRKPAVKKEVKEEEPGAPGKEGAAEGPLDPSGYNPAKN 57
NYHPVEDACWKPGQKVPYLAVARTFEKIEEVSARLRMVE
TLSNLLRSVVALSPPDLLPVLYLSLNHLGPPQQGLELGVG
DGVLLKAVAQATGRQLESVRAEAAEKGDVGLVAENSRST
QRLMLPPPPLTASGVFSKFRDIARLTGSASTAKKIDIIKGLF
VACRHSEARFIARSLSGRLRLGLAEQSVLAALSQAVSLTPP
GQEFPPAMVDAGKGKTAEARKTWLEEQGMILKQTFCEVP
DLDRIIPVLLEHGLERLPEHCKLSPGIPLKPMLAHPTRGISE
VLKRFEEAAFTCEYKYDGQRAQIHALEGGEVKIFSRNQED
NTGKYPDIISRIPKIKLPSVTSFILDTEAVAWDREKKQIQPF
QVLTTRKRKEVDASEIQVQVCLYAFDLIYLNGESLVREPLS
RRRQLLRENFVETEGEFVFATSLDTKDIEQIAEFLEQSVKD
SCEGLMVKTLDVDATYEIAKRSHNWLKLKKDYLDGVGD
TLDLVVIGAYLGRGKRAGRYGGFLLASYDEDSEELQAICK
LGTGFSDEELEEHHQSLKALVLPSPRPYVRIDGAVIPDHWL
DPSAVWEVKCADLSLSPIYPAARGLVDSDK GISLRFPRFIR
VREDKQPEQATTSAQVACLYRKQSQIQNQQGEDSGSDPE
DTY

hLIG1(119-919) | PKRRTARKQLPKRTIQEVLEEQSEDEDREAKRKKEEEEEE 58
TPKESLTEAEVATEKEGEDGDQPTTPPKPLKTSKAETPTES
VSEPEVATKQELQEEEEQTKPPRRAPK TLSSFFTPRKPAVK
KEVKEEEPGAPGKEGAAEGPLDPSGYNPAKNNYHPVEDA
CWKPGQKVPYLAVARTFEKIEEVSARLRMVETLSNLLRSV
VALSPPDLLPVLYLSLNHLGPPQQGLELGVGDGVLLKAVA
QATGRQLESVRAEAAEKGDVGLVAENSRSTQRLMLPPPPL
TASGVFSKFRDIARLTGSASTAKKIDIIKGLFVACRHSEARF
IARSLSGRLRLGLAEQSVLAALSQAVSLTPPGQEFPPAMVD
AGKGKTAEARKTWLEEQGMILKQTFCEVPDLDRIIPVLLE
HGLERLPEHCKLSPGIPLKPMLAHPTRGISEVLKRFEEAAF
TCEYKYDGQRAQIHALEGGEVKIFSRNQEDNTGK YPDIISR
IPKIKLPSVTSFILDTEAVAWDREKKQIQPFQVLTTRKRKE
VDASEIQVQVCLYAFDLIYLNGESLVREPLSRRRQLLRENF
VETEGEFVFATSLDTKDIEQIAEFLEQSVKDSCEGLMVKTL
DVDATYEIAKRSHNWLKLKKDYLDGVGDTLDLVVIGAYL
GRGKRAGRYGGFLLASYDEDSEELQAICKLGTGFSDEELE
EHHQSLKALVLPSPRPYVRIDGAVIPDHWLDPSAVWEVKC
ADLSLSPIYPAARGLVDSDKGISLRFPRFIRVREDKQPEQAT
TSAQVACLYRKQSQIQNQQGEDSGSDPEDTY
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hLIG3 isoform 1 | MSLAFKIFFPQTLRALSRKELCLFRKHHWRDVRQFSQWSE | 59
TDLLHGHPLFLRRKPVLSFQGSHLRSRATYLVFLPGLHVG
LCSGPCEMAEQRFCVDYAKRGTAGCKKCKEKIVKGVCRI
GKVVPNPFSESGGDMKEW YHIKCMFEKLERARATTKKIE
DLTELEGWEELEDNEKEQITQHIADLSSKAAGTPKKKAVV
QAKLTTTGQVTSPVKGASFVTSTNPRKFSGFSAKPNNSGE
APSSPTPKRSLSSSKCDPRHKDCLLREFRKLCAMVADNPS
YNTKTQIQDFLRKGSAGDGFHGDVYLTVKLLLPGVIKTV
YNLNDKQIVKLFSRIFNCNPDDMARDLEQGDVSETIRVFFE
QSKSFPPAAKSLLTIQEVDEFLLRLSKLTKEDEQQQALQDI
ASRCTANDLKCIIRLIKHDLKMNSGAKHVLDALDPNAYEA
FKASRNLQDVVERVLHNAQEVEKEPGQRRALSVQASLMT
PVQPMLAEACKSVEYAMKKCPNGMFSEIKYDGERVQVH
KNGDHFSYFSRSLKPVLPHK VAHFKDYIPQAFPGGHSMIL
DSEVLLIDNKTGKPLPFGTLGVHKKAAFQDANVCLFVFDC
IYFNDVSLMDRPLCERRKFLHDNMVEIPNRIMFSEMKRVT
KALDLADMITRVIQEGLEGLVLKDVKGTYEPGKRHWLKYV
KKDYLNEGAMADTADLVVLGAFYGQGSKGGMMSIFLMG
CYDPGSQKWCTVTKCAGGHDDATLARLQNELDMVKISK
DPSKIPSWLKVNKIYYPDFIVPDPKKAAVWEITGAEFSKSE
AHTADGISIRFPRCTRIRDDKDWK SATNLPQLKELYQLSKE
KADFTVVAGDEGSSTTGGSSEENKGPSGSAVSRKAPSKPS
ASTKKAEGKLSNSNSKDGNMQTAKPSAMKVGEKLATKSS
PVKVGEKRKAADETLCQTKVLLDIFTGVRLYLPPSTPDFSR
LRRYFVAFDGDLVQEFDMTSATHVLGSRDKNPAAQQVSP
EWIWACIRKRRLVAPC

hLIG3 isoform 2 | MSLAFKIFFPQTLRALSRKELCLFRKHHWRDVRQFSQWSE | 60
TDLLHGHPLFLRRKPVLSFQGSHLRSRATYLVFLPGLHVG
LCSGPCEMAEQRFCVDYAKRGTAGCKKCKEKIVKGVCRI
GKVVPNPFSESGGDMKEW YHIKCMFEKLERARATTKKIE
DLTELEGWEELEDNEKEQITQHIADLSSKAAGTPKKKAVV
QAKLTTTGQVTSPVKGASFVTSTNPRKFSGFSAKPNNSGE
APSSPTPKRSLSSSKCDPRHKDCLLREFRKLCAMVADNPS
YNTKTQIIQDFLRKGSAGDGFHGDVYLTVKLLLPGVIKTV
YNLNDKQIVKLFSRIFNCNPDDMARDLEQGDVSETIRVFFE
QSKSFPPAAKSLLTIQEVDEFLLRLSKLTKEDEQQQALQDI
ASRCTANDLKCIIRLIKHDLKMNSGAKHVLDALDPNAYEA
FKASRNLQDVVERVLHNAQEVEKEPGQRRALSVQASLMT
PVQPMLAEACKSVEYAMKKCPNGMFSEIKYDGERVQVH
KNGDHFSYFSRSLKPVLPHK VAHFKDYIPQAFPGGHSMIL
DSEVLLIDNKTGKPLPFGTLGVHKKAAFQDANVCLFVFDC
IYFNDVSLMDRPLCERRKFLHDNMVEIPNRIMFSEMKRVT
KALDLADMITRVIQEGLEGLVLKDVKGTYEPGKRHWLKYV
KKDYLNEGAMADTADLVVLGAFYGQGSKGGMMSIFLMG
CYDPGSQKWCTVTKCAGGHDDATLARLQNELDMVKISK
DPSKIPSWLKVNKIYYPDFIVPDPKKAAVWEITGAEFSKSE
AHTADGISIRFPRCTRIRDDKDWK SATNLPQLKELYQLSKE
KADFTVVAGDEGSSTTGGSSEENKGPSGSAVSRKAPSKPS
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ASTKKAEGKLSNSNSKDGNMQTAKPSAMKVGEKLATKSS
PVKVGEKRKAADETLCQTKRRPASEQRGRTVPAGRR

hLIG3 isoform 3 | MAEQRFCVDYAKRGTAGCKKCKEKIVKGVCRIGKVVPNP | 61
FSESGGDMKEW YHIKCMFEKLERARATTKKIEDLTELEG
WEELEDNEKEQITQHIADLSSKAAGTPKKKAVVQAKLTTT
GQVTSPVKGASFVTSTNPRKFSGFSAKPNNSGEAPSSPTPK
RSLSSSKCDPRHKDCLLREFRKLCAMVADNPSYNTKTQII
QDFLRKGSAGDGFHGDVYLTVKLLLPGVIKTVYNLNDKQ
IVKLFSRIFNCNPDDMARDLEQGDVSETIRVFFEQSKSFPPA
AKSLLTIQEVDEFLLRLSKLTKEDEQQQALQDIASRCTAND
LKCIRLIKHDLKMNSGAKHVLDALDPNAYEAFKASRNLQ
DVVERVLHNAQEVEKEPGQRRALSVQASLMTPVQPMLAE
ACKSVEYAMKKCPNGMFSEIKYDGERVQVHKNGDHFSYF
SRSLKPVLPHKVAHFKDYIPQAFPGGHSMILDSEVLLIDNK
TGKPLPFGTLGVHKKAAFQDANVCLFVFDCIYFNDVSLM
DRPLCERRKFLHDNMVEIPNRIMFSEMKRVTKALDLADMI
TRVIQEGLEGLVLKDVKGTYEPGKRHWLKVKKDYLNEG
AMADTADLVVLGAFYGQGSKGGMMSIFLMGCYDPGSQK
WCTVTKCAGGHDDATLARLQNELDMVKISKDPSKIPSWL
KVNKIYYPDFIVPDPKKAAVWEITGAEFSKSEAHTADGISI
RFPRCTRIRDDKDWKSATNLPQLKELYQLSKEKADFTVVA
GDEGSSTTGGSSEENKGPSGSAVSRKAPSKPSASTKKAEG
KLSNSNSKDGNMQTAKPSAMKVGEKLATKSSPVKVGEKR
KAADETLCQTK VLLDIFTGVRLYLPPSTPDFSRLRRYFVAF
DGDLVQEFDMTSATHVLGSRDKNPAAQQVSPEWIWACIR
KRRLVAPC

hLIG3 isoform 4 | MAEQRFCVDYAKRGTAGCKKCKEKIVKGVCRIGKVVPNP | 62
FSESGGDMKEW YHIKCMFEKLERARATTKKIEDLTELEG
WEELEDNEKEQITQHIADLSSKAAGTPKKKAVVQAKLTTT
GQVTSPVKGASFVTSTNPRKFSGFSAKPNNSGEAPSSPTPK
RSLSSSKCDPRHKDCLLREFRKLCAMVADNPSYNTKTQII
QDFLRKGSAGDGFHGDVYLTVKLLLPGVIKTVYNLNDKQ
IVKLFSRIFNCNPDDMARDLEQGDVSETIRVFFEQSK SFPPA
AKSLLTIQEVDEFLLRLSKLTKEDEQQQALQDIASRCTAND
LKCIIRLIKHDLKMNSGAKHVLDALDPNAYEAFKASRNLQ
DVVERVLHNAQEVEKEPGQRRALSVQASLMTPVQPMLAE
ACKSVEYAMKKCPNGMFSEIKYDGERVQVHKNGDHFSYF
SRSLKPVLPHKVAHFKDYIPQAFPGGHSMILDSEVLLIDNK
TGKPLPFGTLGVHKKAAFQDANVCLFVFDCIYFNDVSLM
DRPLCERRKFLHDNMVEIPNRIMFSEMKRVTKALDLADMI
TRVIQEGLEGLVLKDVKGTYEPGKRHWLKVKKDYLNEG
AMADTADLVVLGAFYGQGSKGGMMSIFLMGCYDPGSQK
WCTVTKCAGGHDDATLARLQNELDMVKISKDPSKIPSWL
KVNKIYYPDFIVPDPKKAAVWEITGAEFSKSEAHTADGISI
RFPRCTRIRDDKDWKSATNLPQLKELYQLSKEKADFTVVA
GDEGSSTTGGSSEENKGPSGSAVSRKAPSKPSASTKKAEG
KLSNSNSKDGNMQTAKPSAMKVGEKLATKSSPVKVGEKR
KAADETLCQTKRRPASEQRGRTVPAGRR
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hLIG4 MAASQTSQTVASHVPFADLCSTLERIQKSKGRAEKIRHFR 63

EFLDSWRKFHDALHKNHKDVTDSFYPAMRLILPQLERER
MAYGIKETMLAKLYIELLNLPRDGKDALKLLNYRTPTGTH
GDAGDFAMIAYFVLKPRCLQKGSLTIQQVNDLLDSIASNN
SAKRKDLIKKSLLQLITQSSALEQKWLIRMIIKDLKLGVSQ
QTIFSVFHNDAAELHNVTTDLEKVCRQLHDPSVGLSDISIT
LFSAFKPMLAAIADIEHIEKDMKHQSFYIETKLDGERMQM
HKDGDVYKYFSRNGYNYTDQFGASPTEGSLTPFIHNAFKA
DIQICILDGEMMAYNPNTQTFMQKGTKFDIKRMVEDSDLQ
TCYCVFDVLMVNNKKLGHETLRKRYEILSSIFTPIPGRIEIV
QKTQAHTKNEVIDALNEAIDKREEGIMVKQPLSIYKPDKR
GEGWLKIKPEYVSGLMDELDILIVGGYWGKGSRGGMMSH
FLCAVAEKPPPGEKPSVFHTLSRVGSGCTMKELYDLGLKL
AKYWKPFHRKAPPSSILCGTEKPEVYIEPCNSVIVQIKAAEI
VPSDMYKTGCTLRFPRIEKIRDDKEWHECMTLDDLEQLRG
KASGKLASKHLYIGGDDEPQEKKRKAAPKMKKVIGIIEHL
KAPNLTNVNKISNIFEDVEFCVMSGTDSQPKPDLENRIAEF
GGYIVQNPGPDTYCVIAGSENIRVKNIILSNKHDVVKPAW
LLECFKTKSFVPWQPRFMIHMCPSTKEHFAREYDCYGDSY
FIDTDLNQLKEVFSGIKNSNEQTPEEMASLIADLEYRYSWD
CSPLSMFRRHTVYLDSYAVINDLSTKNEGTRLAIKALELRF
HGAKVVSCLAEGVSHVIIGEDHSRVADFKAFRRTFKRKFK
ILKESWVTDSIDKCELQEENQYLI

T4 Ligase MILKILNEIASIGSTKQKQAILEKNKDNELLKRVYRLTYSR 64
GLQYYIKKWPKPGIATQSFGMLTLTDMLDFIEFTLATRKL
TGNAAIEELTGYITDGKKDDVEVLRRVMMRDLECGASVSI
ANKVWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKAD
GARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELIKM
TAEARQIHPEGVLIDGELVYHEQVKKEPEGLDFLFDAYPE
NSKAKEFAEVAESRTASNGIANKSLKGTISEKEAQCMKFQ
VWDYVPLVEIYSLPAFRLKYDVRFSKLEQMTSGYDKVILI
ENQVVNNLDEAKVIYKKYIDQGLEGILKNIDGLWENARS
KNLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECGKI
KVNAGSGLKDKAGVKSHELDRTRIMENQNY YIGKILECEC
NGWLKSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFGDF
HEVTGL

T7 Ligase MMNIKTNPFKAVSFVESAIKKALDNAGYLIAEIKYDGVRG | 65
NICVDNTANSYWLSRVSKTIPALEHLNGFDVRWKRLLND
DRCFYKDGFMLDGELMVKGVDFNTGSGLLRTKWTDTKN
QEFHEELFVEPIRKKDK VPFKLHTGHLHIKLYAILPLHIVES
GEDCDVMTLLMQEHVKNMLPLLQEYFPEIEWQAAESYEV
YDMVELQQLYEQKRAEGHEGLIVKDPMCIYKRGKKSGW
WKMKPENEADGIIQGLVWGTKGLANEGKVIGFEVLLESG
RLVNATNISRALMDEFTETVKEATLSQWGFFSPYGIGDND
ACTINPYDGWACQISYMEETPDGSLRHPSFVMFRGTEDNP
QEKM
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Taq Ligase MTLEAARRRVNELRDLIRYHNYLYYVLDAPEISDAEYDRL 66

LRELKELEERFPELQSPDSPTEQVGARPLESTFRPVRHPTR
MY SLDNAFSLDEVRAFEERIERALGRKGPFLYTVEHKVDG
LSVNLYYEEGILVFGATRGDGETGEEVTQNLLTIRTIPRRL
TGVPDRLEVRGEVYMPIEAFLRLNQELEEAGERIFKNPRN
AAAGSLRQKDPRVTARRGLRATFYALGLGLEETGLKSQH
DLLLWLRERGFPVEHGFTRALGAEGVEEVYQAWLKERRK
LPFEADGVVVKLDDLALWRELGYTARAPRFALAYKFPAE
EKETRLLSVAFQVGRTGRITPVGVLEPVFIEGSEVSRVTLH
NESFIEELDVRIGDW VLVHKAGGVIPEVLRVLKERRTGEE
KPILWPENCPECGHALIKEGKVHRCPNPLCPAKRFEAIRHY
ASRKAMDIQGLGEKLIEKLLEKGLVRDVADLYRLKKEDL
VNLERMGEKSAENLLRQIEESKGRGLERLLYALGLPGVGE
VLARNLALRFGHMDRLLEAGLEDLLEVEGVGELTARAIL
NTLKDPEFRDLVRRLKEAGVEMEAKEREGEALKGLTFVIT
GELSRPREEVKALLRRLGAKVTDSVSRKTGFLVVGENPGS
KLEKARALGVPTLSEEELYRLIEERTGKDPRALTA

T3 Ligase MNIFNTNPFKAVSFVESAVKKALETSGYLIADCKYDGVRG 67
NIVVDNVAEAAWLSRVSKFIPALEHLNGFDKRWQQLLND
DRCIFPDGFMLDGELMVKGVDFNTGSGLLRTKWVKRDN
MGFHLTNVPTKLTPKGREVIDGKFEFHLDPKRLSVRLYAV
MPIHIAESGEDYDVQNLLMPYHVEAMRSLLVEYFPEIEWL
IAETYEVYDMDSLTELYEEKRAEGHEGLIVKDPQGIYKRG
KKSGWWKLKPECEADGIIQGVNWGTEGLANEGKVIGFSV
LLETGRLVDANNISRALMDEFTSNVKAHGEDFYNGWACQ
VNYMEATPDGSLRHPSFEKFRGTEDNPQEKM

NAD-dependent E | MESIEQQLTELRTTLRHHEYLYHVMDAPEIPDAEYDRLMR | 68
coli DNA ligase | ELRELETKHPELITPDSPTQRVGAAPLAAFSQIRHEVPMLS
LigA LDNVFDEESFLAFNKRVQDRLKNNEKVTWCCELKLDGLA
VSILYENGVLVSAATRGDGTTGEDITSNVRTIRAIPLKLHG
ENIPARLEVRGEVFLPQAGFEKINEDARRTGGK VFANPRN
AAAGSLRQLDPRITAKRPLTFFCYGVGVLEGGELPDTHLG
RLLQFKKWGLPVSDRVTLCESAEEVLAFYHK VEEDRPTLG
FDIDGVVIKVNSLAQQEQLGFVARAPRWAVAFKFPAQEQ
MTFVRDVEFQVGRTGAITPVARLEPVHVAGVLVSNATLH
NADEIERLGLRIGDK VVIRRAGDVIPQVVNVVLSERPEDTR
EVVFPTHCPVCGSDVERVEGEAVARCTGGLICGAQRKESL
KHFVSRRAMDVDGMGDKIIDQLVEKEYVHTPADLFKLTA
GKLTGLERMGPKSAQNVVNALEKAKETTFARFLYALGIR
EVGEATAAGLAAYFGTLEALEAASIEELQK VPDVGIVVAS
HVHNFFAEESNRNVISELLAEGVHWPAPIVINAEEIDSPFA
GKTVVLTGSLSQMSRDDAKARLVELGAKVAGSVSKKTDL
VIAGEAAGSKLAKAQELGIEVIDEAEMLRLLGS

Thermococcus MRYSELADLYRRLEKTTLKTLKTKFVADFLKKTPDELLEI 69
kodakarensis DNA | VPYLILGKVFPDWDERELGVGEKLLIKAVSMATGVPEKEI
ligase EDSVRDTGDLGESVALAIKKKKQKSFFSQPLTIKRVYDTF
VKIAEAQGEGSQDRKMKYLANLFMDAEPEEGKYLARTVL
GTMRTGVAEGILRDAIAEAFRVKPELVERAYMLTSDFGYV
AKTAKLEGNEGLSKVRIQIGKPIRPMLAQNAASVKDALIEM
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GGEAAFEIKYDGARVQVHKDGDKVIVYSRRLENVTRSIPE
VIEAIKAALKPEKAIVEGELVAVGENGRPRPFQYVLRRFRR
KYNIDEMIEKIPLELNLFDVMFVDGESLIETKFIDRRNKLEE
IVKESEKIKLAEQLITKKVEEAEAFYRRALELGHEGLMAK
RLDSIYEPGNRGKKWLKIKPTMENLDLVIIGAEWGEGRRA
HLLGSFLVAAYDPHSGEFLPVGKVGSGFTDEDLVEFTKML
KPYIVRQEGKFVEIEPKFVIEVTYQEIQKSPKYKSGFALRFP
RYVALREDKSPEEADTIERVAELYELQERFKAKK

African swine fever | MLNQFPGQY SNNIFCFPPIESETKSGKKASWIICVQVVQHN | 70
virus DNA ligase | TIIPITDEMFSTDVKDAVAEIFTKFFVEEGAVRISKMTRVTE
GKNLGKKNATTVVHQAFKDALSKYNRHARQKRGAHTNR
GMIPPMLVK YFNIIPK TFFEEETDPIVQRKRNGVRAVACQQ
GDGCILLYSRTEKEFLGLDNIKKELKQLYLFIDVRVYLDGE
LYLHRKPLQWIAGQANAKTDSSELHFY VFDCFWSDQLQM
PSNKRQQLLTNIFKQKEDLTFIHQVENFSVKNVDEALRLK
AQFIKEGYEGAIVRNANGPYEPGYNNYHSAHLAKLKPLLD
AEFILVDYTQGKKGKDLGAILWVCELPNKKRFVVTPKHLT
YADRYALFQKLTPALFKKHLYGKELTVEYAELSPKTGIPL
QARAVGFREPINVLEII

Vaccinia virus DNA | MTSLREFRKLCCDIYHASGYKEKSKLIRDFITDRDDKYLII 71
ligase (strain KLLLPGLDDRIYNMNDKQIKLYSIIFKQSQEDMLQDLGYG
Western Reserve) | YIGDTIRTFFKENTEIRPRDKSILTLEDVDSFLTTLSSVTKES
HQIKLLTDIASVCTCNDLKCVVMLIDKDLKIKAGPRYVLN
AISPNAYDVFRKSNNLKEIENASKQNLDSISISVMTPINPM
LAESCDSVNKAFKKFPSGMFAEVKYDGERVQVHKNNNEF
AFFSRNMKPVLSHKVDYLKEYIPKAFKKATSIVLDSEIVLV
DEHNVPLPFGSLGIHKKKEYKNSNMCLFVFDCLYFDGFD
MTDIPLYERRSFLKDVMVEIPNRIVFSELTNISNESQLTDVL
DDALTRKLEGLVLKDINGVYEPGKRRWLKIKRDYLNEGS
MADSADLVVLGAYYGKGAKGGIMAVFLMGCYDDESGK
WKTVTKCSGHDDNTLR VLODQLTM VKINKDPKKIPEWLV
VNKIYIPDFVVEDPKQSQIWEISGAEFTSSKSHTANGISIRFP
RFTRIREDKTWKESTHLNDLVNLTKS

Vaccinia virus DNA | MTSLREFRKLCCDIYHASGYKEKSKLIRDFITDRDDKYLII 72
ligase (strain KLLLPGLDDRIYNMNDKOQIKLYSIIFKQSQEDMLQDLGYG
Ankara) YIGDTIRTFFKENTEIRPRDKSILTLEEVDSFLTTLSSVTKES
HQIKLLTDIASVCTCNDLKCVVMLIDKDLKIKAGPRY VLN
AISPHAYDVFRKSNNLKEIENASKQNLDSISISVMTPINPM
LAESCDSVNKAFKKFPSGMFAEVKYDGERVQVHKNNNEF
AFFSRNMKPVLSHKVDYLKEYIPKAFKKATSIVLDSEIVLV
DEHNVPLPFGSLGIHKKKEYKNSNMCLFVFDCLYFDGFD
MTDIPLYERRSFLKDVMVEIPNRIVFSELTNISNESQLTDVL
DDALTRKLEGLVLKDINGVYEPGKRRWLKIKRDYLNEGS
MADSADLVVLGAYYGKGAKGGIMAVFLMGCYDDESGK
WKTVTKCSGHDDNTLRELQDQLKMIKINKDPKKIPEWLV
VNKIYIPDFVVEDPKQSQIWEISGAEFTSSKSHTANGISIRFP
RFTRIREDKTWKESTHLNDLVNLTKS
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Burkholderia MARSPVEPPASQPAKRAAWLRAELERANYAYYVLDQPDL | 73
pseudomallei DNA | PDAEYDRLFVELQRIEAEHPDLVTPDSPTQRVGGEAASGF
ligase TPVVHDKPMLSLNNGFADEDVIAFDKRVADGLDKATDLA
GTVTEPVEYACELKFDGLAISLRYENGRFVQASTRGDGTT
GEDVTENIRTIRAIPL TLKGKRIPRMLDVR GEVLMFKRDFA
RLNERQRAAGQREFANPRNAAAGSLRQLDSKITASRPLSF
FAYGIGVLDGADMPDTHSGLLDWYETLGLPVNRERAVVR
GAAGLLAFFHSVGERRESLPYDIDGVVYKVNRRDEQDRL
GFVSRAPRFALAHKFPAQEALTKLIAIDVQVGRTGAITPVA
RLEPVFVGGATVTNATLHNEDEVRRKDIRIGDTVIVRRAG
DVIPEVVSAVLDRRPADAQEFVMPTECPECGSRIERLPDEA
IARCTGGLFCPAQRKQALWHFAQRRALDIDGLGEKIIDQL
VEQNLVRTPADLFNLGFSTLVGLDRFAEKSARNLIDSLEK
AKHTTLARFIY ALGIRHVGESTAKDLAKHFGSLDPIMDAPI
DALLEVNDVGPIVAESIHQFFAEEHNRTVIEQLRARGKVT
WPEGPPAPRAPQGVLAGKTVVLTGTLPTLTREAAKEMLE
AAGAKVAGSVSKKTDYVVAGADAGSKLAKAEELGIPVLD
EAGMHTLLEGHAR

Alteromonas MQFFLTVFCLLLITAVTHVNAEDKLDIVDGLQLAKQYSHS 74
mediterranea DNA | RQDINIAEYWVSEKLDGIRARWDGTELRTRNNNKIAAPA
ligase WFTANWPKATIDGELWIARGQFERTASIVLSKLTSVAPHS
VAGSLPRTESTVGAMTATHSLPSKRWAKIRFMAFDMPVA
GQSFDSRLNMLNNLKEATPNPTFAVVSQFTLSSVNALEEK
LEQVTLSGGEGLMLHHKKAFYHSGRSDKLLKVKQFEDAE
AKVLAHLPGKGKFKGMMGSLLVETPAGVQFKLGTGFSEK
ERQAPPAIGSWVTFKFYGVTKNGKPRFASFLRVRPPSDLP

K
Yeast DNA ligase I | MRRLLTGCLLSSARPLKSRLPLLMSSSLPSSAGKKPKQATL 75
(Cdc9p) ARFFTSMKNKPTEGTPSPKKSSKHMLEDRMDNVSGEEEY

ATKKLKQTAVTHTVAAPSSMGSNFSSIPSSAPSSGVADSPQ
QSQRLVGEVEDALSSNNNDHYSSNIPYSEVCEVFNKIEAIS
SRLENRICSDFFIKIMKQSSKNLIPTTYLFINRLGPDYEAGLE
LGLGENLLMKTISETCGKSMSQIKLKYKDIGDLGEIAMGA
RNVQPTMFKPKPLTVGEVFKNLRAIAKTQGKDSQLKKMK
LIKRMLTACKGIEAKFLIRSLESKLRIGLAEKTVLISLSKAL
LLHDENREDSPDKDVPMDVLESAQQKIRDAFCQVPNYEIV
INSCLEHGIMNLDKYCTLRPGIPLKPMLAKPTKAINEVLDR
FQGETFTSEYKYDGERAQVHLLNDGTMRIYSRNGENMTE
RYPEINITDFIQDLDTTKNLILDCEAVAWDKDQGKILPFQV
LSTRKRKDVELNDVKVKVCLFAFDILCYNDERLINKSLKE
RREYLTKVTKVVPGEFQYATQITTNNLDELQKFLDESVNH
SCEGLMVKMLEGPESHYEPSKRSRNWLKLKKDYLEGVGD
SLDLCVLGAYYGRGKRTGTYGGFLLGCYNQDTGEFETCC
KIGTGFSDEMLQLLHDRLTPTIIDGPKATFVFDSSAEPDVW
FEPTTLFEVLTADLSLSPIYKAGSATFDKGVSLRFPRFLRIR
EDKGVEDATSSDQIVELYENQSHMQN
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SEQ

Name Ligase polypeptide sequence ID
NO:
Yeast DNA ligase | MISALDSIPEPQNFAPSPDFKWLCEELFVKIHEVQINGTAGT 76
v GKSRSFKYYEISNFVEMWRKTVGNNIYPALVLALPYRDR

RIYNIKDY VLIRTICSYLKLPKNSATEQRLKDWKQRVGKG
GNLSSLLVEEIAKRRAEPSSKAITIDNVNHYLDSLSGDRFA
SGRGFKSLVKSKPFLHCVENMSFVELKYFFDIVLKNRVIG
GQEHKLLNCWHPDAQDYLSVISDLKVVTSKLYDPKVRLK
DDDLSIKVGFAFAPQLAKKVNLSYEKICRTLHDDFLVEEK
MDGERIQVHYMNYGESIKFFSRRGIDYTYLYGASLSSGTIS
QHLRFTDSVKECVLDGEMVTFDAKRRVILPFGLVKGSAKE
ALSFNSINNVDFHPLYMVFDLLYLNGTSLTPLPLHQRKQY
LNSILSPLKNIVEIVRSSRCYGVESIKKSLEVAISLGSEGVVL
KYYNSSYNVASRNNNWIKVKPEYLEEFGENLDLIVIGRDS
GKKDSFMLGLLVLDEEEYKKHQGDSSEIVDHSSQEKHIQN
SRRRVKKILSFCSIANGISQEEFKEIDRKTRGHWKRTSEVA
PPASILEFGSKIPAEWIDPSESIVLEIKSRSLDNTETNMQKY
ATNCTLYGGYCKRIRYDKEWTDCYTLNDLYESRTVKSNP
SYQAERSQLGLIRKKRKRVLISDSFHQNRKQLPISNIFAGLL
FYVLSDYVTEDTGIRITRAELEKTIVEHGGKLIYNVILKRHS
IGDVRLISCKTTTECKALIDRGYDILHPNWVLDCIAYKRLIL
IEPNYCFNVSQKMRAVAEKRVDCLGDSFENDISETKLSSL
YKSQLSLPPMGELEIDSEVRRFPLFLFSNRIAY VPRRKISTE
DDIIEMKIKLFGGKITDQQSLCNLINPYTDPILRKDCMNEV
HEKIKEQIKASDTIPKIARVVAPEW VDHSINENCQVPEEDF
PVVNY

T6 ligase MILKILNEIASIGSTKQKQAILEKNKDNELLKRVYRLTYSR 77
GLQYYIKKWPKPGIATQSFGMLTLTDMLDFIEFTLATRKL
TGNAAIEELTGYITDGKKDDVEVLRRVMMRDLECGASVSI
ANKVWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKAD
GARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELIKM
TAEARQIHPEGVLIDGELVYHEQVKKEPEGLDFLFDAHPE
NSKVKDFTEVAESRTASNGIANKSLKGTISEKEAQCMKFQ
VWDYVPLVEVYGLPAFRLKYDVRFSKLEQMTSGYDKVIL
IENQVVNNLDEAKVIYKKYIDQGLEGILKNIDGLWENARS
KNLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECGKI
KVNAGSGLKDKAGVKSHELDRTRIMENQNY YIGKILECEC
NGWLKSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFGDF
HEVTGL

Mouse DNA ligase I | MQRSIMSFFQPTKEGK AKKPEKETPSSIREKEPPPKVALKE 78
RNQVVPESDSPVKRTGRKVAQVLSCEGEDEDEAPGTPKV
QKPVSDSEQSSPPSPDTCPENSPVFNCSSPMDISPSGFPKRR
TARKQLPKRTIQDTLEEQNEDKTKTAKKRKKEEETPKESL
AEAEDIKQKEEKEGDQLIVPSEPTKSPESVTLTKTENIPVCK
AGVKLKPQEEEQSKPPARGAKTLSSFFTPRKPAVKTEVKQ
EESGTLRKEETKGTLDPANYNPSKNNYHPIEDACWKHGQ
KVPFLAVARTFEKIEEVSARLKMVETLSNLLRSVVALSPPD
LLPVLYLSLNRLGPPQQGLELGVGDGVLLKAVAQATGRQ
LESIRAEVAEKGDVGLVAENSRSTQRLMLPPPPLTISGVFT
KFCDIARLTGSASMAKKMDIIKGLFVACRHSEARYITARSLS
GRLRLGLAEQSVLAALAQAVSLTPPGQEFPTVVVDAGKG
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Name

Ligase polypeptide sequence

SEQ
1D
NO:

KTAEARKMWLEEQGMILKQTFCEVPDLDRIIPVLLEHGLE
RLPEHCKLSPGVPLKPMLAHPTRGVSEVLKRFEEVDFTCE
YKYDGQRAQIHVLEGGEVKIFSRNQEDNTGK YPDIISRIPKI
KHPSVTSFILDTEAVAWDREKKQIQPFQVLTTRKRKEVDA
SEIQVQVCLYAFDLIYLNGESLVRQPLSRRRQLLRENFVET
EGEFVFTTSLDTKDTEQIAEFLEQSVKDSCEGLMVKTLDV
DATYEIAKRSHNWLKLKKDYLDGVGDTLDLVVIGAYLGR
GKRAGRYGGFLLAAYDEESEELQAICKLGTGFSDEELEEH
HQSLQALVLPTPRPYVRIDGAVAPDHWLDPSIVWEVKCA
DLSLSPIYPAARGLVDKEKGISLRFPRFIRVRKDKQPEQAT
TSNQVASLYRKQSQIQNQQSSDLDSDVEDY

Mouse DNA ligase
v

MASSQTSQTVAAHVPFADLCSTLERIQKGKDRAEKIRHFK
EFLDSWRKFHDALHKNRKDVTDSFYPAMRLILPQLERER
MAYGIKETMLAKLYIELLNLPREGKDAQKLLNYRTPSGAR
TDAGDFAMIAYFVLKPRCLQKGSLTIQQVNELLDLVASNN
SGKKKDLVKKSLLQLITQSSALEQKWLIRMIIKDLKLGISQ
QTIFSIFHNDAVELHNVTTDLEKVCRQLHDPSVGLSDISITL
FSAFKPMLAAVADVERVEKDMKQQSFYIETKLDGERMQ
MHKDGALYRYFSRNGYNYTDQFGESPQEGSLTPFIHNAFG
TDVQACILDGEMMAYNPTTQTFMQKGVKFDIKRMVEDS
GLQTCYSVFDVLMVNKKKLGRETLRKRYEILSSTFTPIQG
RIEIVQKTQAHTKKEVVDALNDAIDKREEGIMVKHPLSIY
KPDKRGEGWLKIKPEYVSGLMDELDVLIVGGYWGKGSRG
GMMSHFLCAVAETPPPGDRPSVFHTLCRVGSGYTMKELY
DLGLKLAKYWKPFHKKSPPSSILCGTEKPEVYIEPQNSVIV
QIKAAEIVPSDMYKTGSTLRFPRIEKIRDDKEWHECMTLG
DLEQLRGKASGKLATKHLHVGDDDEPREKRRKPISKTKK
AIRIIEHLKAPNLSNVNKVSNVFEDVEFCVMSGLDGYPKA
DLENRIAEFGGYIVQNPGPDTYCVIAGSENVRVKNIISSDK
NDVVKPEWLLECFKTKTCVPWQPRFMIHMCPSTKQHFAR
EYDCYGDSYFVDTDLDQLKEVFLGIKPSEQQTPEEMAPVI
ADLECRYSWDHSPLSMFRHYTIYLDLYAVINDLSSRIEATR
LGITALELRFHGAKVVSCLSEGVSHVIIGEDQRRVTDFKIF
RRMLKKKFKILQESWVSDSVDKGELQEENQYLL

79

Arabidopsis DNA
ligase I

MLAIRSSNYLRCIPSLCTKTQISQFSSVLISFSRQISHLRLSSC
HRAMSSSRPSAFDALMSNARAAAKKKTPQTTNLSRSPNK
RKIGETQDANLGKTIVSEGTLPKTEDLLEPV SDSANPRSDT
SSIAEDSKTGAKKAKTLSKTDEMKSKIGLLKKKPNDFDPE
KMSCWEKGERVPFLFVALAFDLISNESGRIVITDILCNMLR
TVIATTPEDLVATVYLSANEIAPAHEGVELGIGESTIIKAISE
AFGRTEDHVKKQNTELGDLGLVAKGSRSTQTMMFKPEPL
TVVKVEDTFRQIAKESGKDSNEKKKNRMKALLVATTDCE
PLYLTRLLQAKLRLGFSGQTVLAALGQAAVYNEEHSKPPP
NTKSPLEEAAKIVKQVFTVLPVYDIIVPALLSGGVWNLPKT
CNFTLGVPIGPMLAKPTKGVAEILNKFQDIVFTCEYKYDG
ERAQIHFMEDGTFEIYSRNAERNTGKYPDVALALSRLKKP
SVKSFILDCEVVAFDREKKKILPFQILSTRARKNVNVNDIK
VGVCIFAFDMLYLNGQQLIQENLKIRREKLYESFEEDPGYF
QFATAVTSNDIDEIQKFLDASVDVGCEGLIKTLDSDATYE

80
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PAKRSNNWLKLKKDYMDSIGDSVDLVPIAAFHGRGKRTG
VYGAFLLACYDVDKEEFQSICKIGTGFSDAMLDERSSSLRS
QVIATPKQYYRVGDSLNPDVWFEPTEVWEVKAADLTISPV
HRAATGIVDPDKGISLRFPRLLRVREDKKPEEATSSEQIAD

LYQAQKHNHPSNEVKGDDD
Arabidopsis DNA | MTEEIKFSVLVSLFNWIQKSKTSSQKRSKFRKFLDTYCKPS 81
ligase IV DYFVAVRLIIPSLDRERGSYGLKESVLATCLIDALGISRDAP

DAVRLLNWRKGGTAKAGANAGNFSLIAAEVLQRRQGMA
SGGLTIKELNDLLDRLASSENRAEKTLVLSTLIQKTNAQEM
KWVIRIILKDLKLGMSEKSIFQEFHPDAEDLFNVTCDLKLV
CEKLRDRHQRHKRQDIEVGKAVRPQLAMRIGDVNAAWK
KLHGKDVVAECKFDGDRIQIHKNGTDIHYFSRNFLDHSEY
AHAMSDLIVONILVDKCILDGEMLVWDTSLNRFAEFGSNQ
EIAKAAREGLDSHKQLCYVAFDVLYVGDTSVIHQSLKERH
ELLKKVVKPLKGRLEVLVPEGGLNVHRPSGEPSWSIVVHA
AADVERFFKETVENRDEGIVLKDLESKWEPGDRSGKWMK
LKPEYIRAGADLDVLIGGYYGSGRRGGEVAQFLVALADR
AEANVYPRRFMSFCRVGTGLSDDELNTVVSKLKPYFRKN
EHPKKAPPSFYQVTNHSKERPDVWIDSPEKSIILSITSDIRTI
RSEVFVAPYSLRFPRIDKVRYDKPWHECLDVQAFVELVNS
SNGTTQKQKESESTQDNPKVNKSSKRGEKKNVSLVPSQFI
QTDVSDIKGKTSIFSNMIFYFVNVPRSHSLETFHKMVVENG
GKFSMNLNNSVTHCIAAESSGIKYQAAKRQRDVIHFSWVL
DCCSRNKMLPLLPKYFLHLTDASRTKLQDDIDEFSDSYYW
DLDLEGLKQVLSNAKQSEDSKSIDY YKKKLCPEKRWSCLL
SCCVYFYPYSQTLSTEEEALLGIMAKRLMLEVLMAGGKV
SNNLAHASHLVVLAMAEEPLDFTLVSKSFSEMEKRLLLKK
RLHVVSSHWLEESLQREEKLCEDVYTLRPKYMEESDTEES
DKSEHDTTEVASQGSAQTKEPASSKIAITSSRGRSNTRAVK
RGRSSTNSLQRVQRRRGKQPSKISGDETEESDASEEKVSTR
LSDIAEETDSFGEAQRNSSRGKCAKRGKSRVGQTQRVQRS
RRGKKAAKIGGDESDENDELDGNNNVSADAEEGNAAGRS
VENEETREPDIAKYTESQQRDNTVAVEEALQDSRNAKTE
MDMKEKLQIHEDPLQAMLMKMEFPIPSQKTTETSNRTTGE
YRKANVSGECESSEKRKLDAETDNTSVNAGAESDVVPPL

VKKKKVSYRDVAGELLKDW
Arabidopsis DNA | MASDSAGATISGNFSNSDNSETLNLNTTKLYSSAISSISPQF 82
ligase 6 PSPKPTSSCPSIPNSKRIPNTNFIVDLFRLPHQSSSVAFFLSHF

HSDHYSGLSSSWSKGITYCSHKTARLVAEILQVPSQFVFAL
PMNQMVKIDGSEVVLIEANHCPGAVQFLFKVKLESSGFEK
YVHTGDFRFCDEMRFDPFLNGFVGCDGVFLDTTYCNPKF
VFPSQEESVGYVVSVIDKISEEKVLFLVATYVVGKEKILVE
IARRCKRKIVVDARKMSMLSVLGCGEEGMFTEDENESDV
HVVGWNVLGETWPYFRPNFVKMNEIMVEKGYDKVVGFV
PTGWTYEVKRNKFAVRFKDSMEIHLVPYSEHSNYDELREF
IKFLKPKRVIPTVGVDIEKFDCKEVNKMQKHFSGLVDEMA
NKKDFLLGFYRQSYQKNEKSDVDVVSHSAEVYEEEEKNA
CEDGGENVPSSRGPILHDTTPSSDSRLLIKLRDSLPAWVTE
EQMLDLIKKHAGNPVDIVSNFYEYEAELYKQASLPTPSLN
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NQAVLFDDDVTDLQPNPVKGICPDVQAIQKGFDLPRKMN
LTKGTISPGKRGK SSGSKSNKKAKKDPKSKPVGPGQPTLF
KFFNKVLDGGSNSVSVGSETEECNTDKKMVHIDASEAYK
EVTDQFIDIVNGSESLRDYAASIIDEAKGDISRALNIYYSKP
REIPGDHAGERGLSSKTIQYPKCSEACSSQEDKKASENSGH
AVNICVQTSAEESVDKNYVSLPPEKYQPKEHACWREGQP
APYIHLVRTFASVESEKGKIKAMSMLCNMFRSLFALSPED
VLPAVYLCTNKIAADHENIELNIGGSLISSALEEACGISRST
VRDMYNSLGDLGDVAQLCRQTQKLLVPPPPLLVRDVFST
LRKISVQTGTGSTRLKKNLIVKLMRSCREKEIKFLVRTLAR
NLRIGAMLRTVLPALGRAIVMNSFWNDHNKELSESCFREK
LEGVSAAVVEAYNILPSLDVVVPSLMDKDIEFSTSTLSMVP
GIPIKPMLAKIAKGVQEFFNLSQEKAFTCEYKYDGQRAQIH
KLLDGTVCIFSRNGDETTSRFPDLVDVIKQFSCPAAETFML
DAEVVATDRINGNKLMSFQELSTRERGSKDALITTESIKVE
VCVFVFDIMFVNGEQLLALPLRERRRRLKEVFPETRPGYL
EYAKEITVGAEEASLNNHDTLSRINAFLEEAFQSSCEGIMV
KSLDVNAGYCPTKRSDSWLKVKRDYVDGLGDTLDLVPIG
AWYGNGRKAGWYSPFLMACFNPETEEFQSVCRVMSGFS
DAFYIEMKEFYSEDKILAKKPPYYRTGETPDMWFSAEVV
WEIRGADFTVSPVHSASLGLVHPSRGISVRFPRFISKVTDR
NPEECSTATDIAEMFHAQTRKMNITSQH

Bacillus subtilis MDKETAKQRAEELRRTINKYSYEYYTLDEPSVPDAEYDRL 83
DNA ligase MQELIAIEEEHPDLRTPDSPTQRVGGAVLEAFQKVTHGTP
MLSLGNAFNADDLRDFDRRVRQSVGDDVAYNVELKIDGL
AVSLRYEDGYFVRGATRGDGTTGEDITENLKTIRNIPLKM
NRELSIEVRGEAYMPKRSFEALNEERIKNEEEPFANPRNAA
AGSLRQLDPKIAAKRNLDIFVYSIAELDEMGVETQSQGLD
FLDELGFKTNQERKKCGSIEEVITLIDELQAKRADLPYEID
GIVIKVDSLDQQEELGFTAKSPRWAIAYKFPAEEVVTKLL
DIELNVGRTGVITPTAILEPVKVAGTTVSRASLHNEDLIKE
KDIRILDKVVVKKAGDIPEVVNVLVDQRTGEEKEFSMPTE
CPECGSELVRIEGEVALRCINPECPAQIREGLIHFVSRNAM
NIDGLGERVITQLFEENLVRNVADLYKLTKERVIQLERMG
EKSTENLISSIQKSKENSLERLLFGLGIRFIGSKAAKTLAMH
FESLENLKKASKEELLAVDEIGEKMADAVITYFHKEEMLE
LLNELQELGVNTLYKGPKKVKAEDSDSYFAGKTIVLTGKL
EELSRNEAKAQIEALGGKLTGSVSKNTDLVIAGEAAGSKL
TKAQELNIEVWNEEQLMGELKK

Bacillus MDRQQAERRAAELRELLNRYGYEYYVLDRPSVPDAEYDR 84
stearothermophilus | LMQELIAIEEQYPELKTSDSPTQRIGGPPLEAFRKVAHRVP
MMSLANAFGEGDLRDFDRRVRQEVGEAAYVCELKIDGLA
VSVRYEDGYFVQGATRGDGTTGEDITENLKTIRSLPLRLK
EPVSLEARGEAFMPKASFLRLNEERKARGEELFANPRNAA
AGSLRQLDPKVAASRQLDLFVYGLADAEALGIASHSEALD
YLQALGFKVNPERRRCANIDEVIAFVSEWHDKRPQLPYEI
DGIVIKVDSFAQQRALGATAKSPRWAIAYKFPAEEVVTTLI
GIEVNVGRTGVVTPTAILEPVRVAGTTVQRATLHNEDFIRE
KDIRIGDAVIIKKAGDIIPEVVGVVVDRRDGDETPFAMPTH
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CPECESELVRLEGEVALRCLNPNCPAQLRERLIHFASRAA
MNIEGLGEKVVTQLFNAGLVRDVADLYCLTKEQLVGLER
MGEKSAANLLAAIEASKQNSLERLLFGLGIRYVGAKAAQL
LAEHFETMERLERATKEELMAVPEIGEKMADAITAFFAQP
EATELLQELRAYGVNMAYKGPKRSAEAPADSAFAGKTVV
LTGKLASMSRNEAKEQIERLGGRVTGSVSRSTDLVIAGED
AGSKLEKAQQLGIEIWDESRFLQEINRGKR

Haemophilus MKFYRTLLLFFASSFAFANSDLMLLHTYNNQPIEGWVMSE 85
influenzae Rd KLDGVRGYWNGKQLLTRQGQRLSPPAYFIKDFPPFAIDGE
LFSERNHFEEISTITKSFKGDGWEKLKLYVFDVPDAEGNLF
ERLAKLKAHLLEHPTTYIENIEQIPVKDKTHLYQFLAQVEN
LQGEGVVVRNPNAPYERKRSSQILKLKTARGEECTVIAHH
KGKGQFENVMGALTCKNHRGEFKIGSGFNLNERENPPPIG
SVITYKYRGITNSGKPRFATYWREKK

Pseudoalteromonas | MSSSISEQVNHLRIILEQHNYNYYVLDTPSIPDSEYDRLLRE | 86
haloplanktis LSALETEHPEFLTADSPTQKVGGAALSKFEQVAHQVPMLS
LDNAFSEEEFTAFNRRIKERLMSTDELTFCCEPKLDGLAVS
IITYRDGVLVQAATRGDGFTGENITQNVKTIRNVPLKLRGD
YPKELEVRGEVFMDSAGFDKLNTEAEKRGEK VFVNPRNA
AAGSLRQLDSKITAKRPLMFYAYSTGLVADGNIPEDHYQQ
LEKLTDWGLPLCPETKLVEGPKAALAYYRDILTRRSELKY
EIDGVVIKINQKTLQERLGFVARAPRWAIAYKFPAQEEITQ
LLDVDFQVGRTGAITPVARLKPVFVGGVTVSNATLHNSDE
VARLGVKVGDTVIIRRAGDVIPQITQVVLERRPDDARDIEF
PTTCPICDSHVEKVEGEAVARCTGGLVCPAQRKQAIKHFA
SRKALDIDGLGDKIVDQLVDRELIK TPADLFILKQGHFESL
ERMGPKSAKNLVTALEEAKGTTLAKFLYSLGIREAGEATA
QNLANHFLTLENVINASIDSLTQVSDVGEIVAAHVRGFFDE
EHNLAVVNALIDQGVNWPALSAPSEEEQPLAGLTYVLTGT
LNTLNRNDAKARLQQLGAKVSGSVSAKTDALVAGEKAG
SKLTKAQDLGIDILTEDELIELLIKHNG

Rhodothermus METHTAPQTAEARLLEATHTLLQTVRQRDLEAIDRKEAEA 87
marinus LAARLREVLNQHAYRYYVLDNPLIPDADYDLLMQALRKL
EARFPELVTPDSPTQRVGGPPLGRFEKVRHPEPLLSLNNAF
GEEDVRVWYERCCRMLAERLGQPVQPAVTAELKIDGLA
MALTYENGVLSVGATRGDGIEGENVTQNVRTIPAIPLRIPV
DPAVGPPPTRLEVRGEVYMRKRDFERLNEQLQARGERPF
ANPRNAAAGSVRQLNPQVTALRPLSFFAYGIGPVEGAEVP
DSQYEVLQWLGRLGFPVNEHARRFEHLDDVLEYCRYWTE
HRDELDYEIDGVVLKIDHRPWQALLGAISNAPRWAVAYK
FPAREAITRLLDIMVSVGRTGVVKPVAVLEPVEVGGVTVS
QATLHNEDY VRSRDIRIGDLVVVIRAGDVIPQVVRPVVEA
RTGNERPWRMPERCPSCGSQLVRLPGEADYYCVASDCPA
QFVRLLEHFAGRDAMDIEGMGSQVARQLAESGLVRPLSD
LYRLKLEDLLKLEGFAETRARNLLRAIEASKQRPLSRLLFG
LGIRHVGKTTAELLVQRFASIDELAAATIDELAALEGVGPI
TAESIANWFRVEDNRRLIEELKELGVNTQRLPEEAPAAESP
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VRGKTFVLTGALPHLTRKEAEELIKRAGGRVASSVSRNTD
YVVVGENPGSKYDRARQLGIPMLDEDGLLRLLGMK

Thermus filiformis | MTREEARRRINELRDLIRYHNYRYYVLADPEISDAEYDRL 88
LRELKELEERFPEFKSPDSPTEQVGARPLEPTFRPVRHPTR
MYSLDNAFTYEEVLAFEERLERALGRKRPFLYTVEHKVD
GLSVNLYYEEGVLVFGATRGDGEVGEEVTQNLLTIPTIPRR
LKGVPDRLEVRGEVYMPIEAFLRLNEELEERGEKVFKNPR
NAAAGSLRQKDPRVTAKRGLRATFYALGLGLEESGLKSQ
YELLLWLKEKGFPVEHGYEKALGAEGVEEVYRRFLAQRH
ALPFEADGVVVKLDDLALWRELGYTARAPRFALAYKFPA
EEKETRLLDVVFQVGRTGRVTPVGVLEPVFIEGSEVSRVTL
HNESYIEELDIRIGDW VLVHKAGGVIPEVLRVLKERRTGEE
RPIRWPETCPECGHRLVKEGKVHRCPNPLCPAKRFEAIRH
YASRKAMDIEGLGEKLIERLLEKGLVRDVADLYHLRKEDL
LGLERMGEKSAQNLLRQIEESKHRGLERLLYALGLPGVGE
VLARNLARRFGTMDRLLEASLEELLEVEEVGELTARAILE
TLKDPAFRDLVRRLKEAGVSMESKEEVSDLLSGLTFVLTG
ELSRPREEVKALLQRLGAKVTDSVSRKTSYLVVGENPGSK
LEKARALGVAVLTEEEFWRFLKEKGAPVPA

Thermus MTLEEARKRVNELRDLIRYHNYRYYVLADPEISDAEYDRL 89
scotoductus LRELKELEERFPELKSPDSPTEQVGAKPLEATFRPIRHPTR
MY SLDNAFNFDELKAFEERIGRALGREGPFAYTVEHKVD
GLSVNLYYEDGVLVWGATRGDGEVGEEVTQNLLTIPTIPR
RVKGVPERLEVRGEVYMPIEAFLRLNEELEEKGEKIFKNPR
NAAAGSLRQKDPRITARRGLRATFYALGLGLEESGLKTQL
DLLHWLREKGFPVEHGFARAEGAEGVERIYQGWLKERRS
LPFEADGVVVKLDELSLWRELGYTARAPRFAIAYKFPAEE
KETRLLQVVFQVGRTGRVTPVGILEPVFIEGSVVSRVTLHN
ESYIEELDVRIGDWVLVHKAGGVIPEVLRVLKEKRTGEER
PIRWPETCPECGHRLVKEGKVHRCPNPLCPAKRFEAIRHY
ASRKAMDIGGLGEKLIEKLLEKGLVKDVADLYRLKKEDL
LGLERMGEKSAQNLLRQIEESKGRGLERLLYALGLPGVGE
VLARNLAAHFGTMDRLLEASLEELLQVEEVGELTARGIYE
TLQDPAFRDLVRRLKEAGVVMEAKERGEEALKGLTFVIT
GELSRPREEVKALLRRLGAKVTDSVSRKTSYLVVGENPGS
KLEKARALGVPTLTEEELYRLIEERTGKPVETLAS
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Thermus species | MTLEEARRRVNELRDLIRYHNYLYYVLDAPEISDAEYDRL 90
AK16D LRELKELEERFPELKSPDSPTEQVGARPLEATFRPVRHPTR

MY SLDNAFSLDEVRAFEERIERALGRKGPFLYTVERKVDG
LSVNLYYEEGILVFGATRGDGETGEEVTQNLLTIPTIPRRLT
GVPDRLEVRGEVYMPIEAFLRLNQELEEAGERIFKNPRNA
AAGSLRQKDPRVTARRGLRATFYALGLGLEETGLKSQHD
LLLWLRERGFPVEHGFTRALGAEGVEEVYQAWLKERRKL
PFEADGVVVKLDDLALWRELGYTARTPRFALAYKFPAEE
KETRLLSVAFQVGRTGRITPVGVLEPVFIEGSEVSRVTLHN
ESFIEELDVRIGDWVLVHKAGGVIPEVLRVLKERRTGEEKP
IIWPENCPECGHALIKEGKVHRCPNPLCPAKRFEAIRHYAS
RKAMDIQGLGEKLIEKLLEKGLVRDVADLYRLKKEDLVN
LERMGEKSAENLLRQIEESKGRGLERLLYALGLPGVGEVL
ARNLALRFGHMDRLLEAGLEDLLEVEGVGELTARAILNTL
KDPEFRDLVRRLKEAGVEMEAKEREGEALKGLTFVITGEL
SRPREEVKALLRRLGAKVTDSVSRKTSFLVVGENPGSKLE
KARALGVPTLSEEELYRLIEERTGKDPRALTA

Thermus MTLEEARKRVNELRDLIRYHNYRYYVLADPEISDAEYDRL 91
thermophilus HB8 | LRELKELEERFPELKSPDSPTLQVGARPLEATFRPVRHPTR
MY SLDNAFNLDELKAFEERIERALGRKGPFAYTVEHKVD
GLSVNLYYEEGVLVYGATRGDGEVGEEVTQNLLTIPTIPR
RLKGVPERLEVRGEVYMPIEAFLRLNEELEERGERIFKNPR
NAAAGSLRQKDPRITAKRGLRATFYALGLGLEEVEREGV
ATQFALLHWLKEKGFPVEHGYARAVGAEGVEAVYQDWL
KKRRALPFEADGVVVKLDELALWRELGYTARAPRFAIAY
KFPAEEKETRLLDVVFQVGRTGRVTPVGILEPVFLEGSEVS
RVTLHNESYIEELDIRIGDWVLVHKAGGVIPEVLRVLKERR
TGEERPIRWPETCPECGHRLLKEGKVHRCPNPLCPAKRFE
AIRHFASRKAMDIQGLGEKLIERLLEKGLVKDVADLYRLR
KEDLVGLERMGEKSAQNLLRQIEESKKRGLERLLYALGLP
GVGEVLARNLAARFGNMDRLLEASLEELLEVEEVGELTA
RAILETLKDPAFRDLVRRLKEAGVEMEAKEKGGEALKGL
TFVITGELSRPREEVKALLRRLGAKVTDSVSRKTSYLVVG
ENPGSKLEKARALGVPTLTEEELYRLLEARTGKKAEELV

Zymomonas mobilis | MNADIDLFSYLNPEKQDLSALAPKDLSREQAVIELERLAK 92
LISHYDHLYHDKDNPAVPDSEYDALVLRNRRIEQFFPDLIR
PDSPSKKVGSRPNSRLPKIAHRAAMLSLDNGFLDQDVEDF
LGRVRRFFNLKENQAVICTVEPKIDGLSCSLRYEKGILTQA
VTRGDGVIGEDVTPNVRVIDDIPKTLKGDNWPEIIEIRGEV
YMAKSDFAALNARQTEENKKLFANPRNAAAGSLRQLDPN
ITARRSLRFLAHGWGEATSLPADTQYGMMKVIESYGLSVS
NLLARADDIGQMLDFYQKIEAERADLDFDIDGVVYKLDQ
LDWQQRFGFSARAPRFALAHKFPAEKAQTTLLDIEIQVGR
TGVLTPVAKLEPVTVGGVVVSSATLHNSDEIERLGVRPGD
RVLVQRAGDVIPQIVENLTPDVDRPIWRFPHRCPVCDSVA
RREEGEVAWRCTGGLICPAQRVERLCHFVSRTAFEIEGLG
KSHIESFFADKLIETPADIFRLFQKRQLLIEREGWGELSVDN
LISAIDKRRKVPFDRFLFALGIRHVGAVTARDLAKSYQTW
DNFKAAIDEAAHLRTILQPSSEESEEKYQKRVDKELISFFHI
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SEQ
Name Ligase polypeptide sequence ID
NO:

PNMGGKIRSLLDFFAETHNSDVVSDLLQEVQIEPLYFELA
SSPLSGKIIVFTGSLQKITRDEAKRQAENLGAKVASSVSKK
TNLVVAGEAAGSKLSKAKELDISIDEDRWHRIVENDGQD
SIKI

Campylobacter MKKEEYLEKVALANLWMRAYYEKDEPLASDEEYDVLIRE 93
jejuni LRVFEEQNKDEISKDSPTQKIAPTIQSEFKKIAHLKRMW SM
EDVFDESELRAWAKRAKCEKNFFIEPKFDGASLNLLYENG
KLVSGATRGDGEVGEDITLNVFEIENIPKNIAYKERIEIRGE
VVILKDDFEKINEKRALLNQSLFANPRNAASGSLRQLDTSI
TKERNLKFYPWGVGENTLNFTKHSEVMQFIRELGFLKDDF
IKLCANLDEVLKAYDELLALREKKPMMMDGMYVVRIDDL
ALCEELGYTVKFPKFMAAFKFPALEKTTRLIGVNLQVGRS
GVITPVAVLEPVNLDGVVVKSATLHNFDEIARLDVKINDF
VSVIRSGD VIPKITKVFKDRREGLEMEISRPKLCPTCQSELL
DEGTLIKCQNIDCEDRLVNSIIHFVSKKCLNIDGLGENIVEL
LYKHKKITTLESIFHLKFSDFEGLEGFKEKKINNLLNAIEQA
RECELFRFITALGIEHIGEVAAKKLSLSFGKEWHKQSFEAY
ANLEGFGEQMALSLCEFTRVNHVRIDEFYKLLNLKIEKLEI
KSDGVIFGKTFVITGTLSRPRDEFKALIEKLGGKVSSSVSK
KTDYVLFGEEAGSKLIKAKELEVKCIDESAFNELVKE

Mycobacterium MSSPDADQTAPEVLRQWQALAEEVREHQFRYY VRDAPIIS 94
tuberculosis ligA | DAEFDELLRRLEALEEQHPELRTPDSPTQLVGGAGFATDF
EPVDHLERMLSLDNAFTADELAAWAGRIHAEVGDAAHYL
CELKIDGVALSLVYREGRLTRASTRGDGRTGEDVTLNART
IADVPERLTPGDDYPVPEVLEVRGEVFFRLDDFQALNASL
VEEGKAPFANPRNSAAGSLRQKDPAVTARRRLRMICHGL
GHVEGFRPATLHQAYLALRAWGLPVSEHTTLATDLAGVR
ERIDYWGEHRHEVDHEIDGVVVKVDEVALQRRLGSTSRA
PRWAIAYKYPPEEAQTKLLDIRVNVGRTGRITPFAFMTPV
KVAGSTVGQATLHNASEIKRKGVLIGDTVVIRKAGDVIPE
VLGPVVELRDGSEREFIMPTTCPECGSPLAPEKEGDADIRC
PNARGCPGQLRERVFHVASRNGLDIEVLGYEAGVALLQA
KVIADEGELFALTERDLLRTDLFRTKAGELSANGKRLLVN
LDKAKAAPLWRVLVALSIRHVGPTAARALATEFGSLDAIA
AASTDQLAAVEGVGPTIAAAVTEWFAVDWHREIVDKWR
AAGVRMVDERDESVPRTLAGLTIVVTGSLTGFSRDDAKE
AIVARGGKAAGSVSKKTNYVVAGDSPGSKYDKAVELGVP
ILDEDGFRRLLADGPASRT
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Name

Ligase polypeptide sequence

SEQ
1D
NO:

Emiliania huxleyi
virus DNA ligase

MEAMCTECEDRDARLDVIDIQLFHALNPKSCNRTTWEQV
PKIMGKQGDFVAEGKLDGERDASHLYGESMEDVLCECVR
EDVTSLLLDGEMMYVVDLETGRYLPFGENRSLKDFGTSMR
HCFVAFDLLLYNGRSMTGATLAERSELLRKAVRTKQHAL
TLIERFEVGERGAGATTAVMRQLDVMMSRGLEGVVFKSL
SSKYDPGSRDKSWIKLKPDFVDGMGDTLDLLILGGYYGE
GRRRSGAVSTFLMGVRAPPEAAKRVGGAAHPLFYPFCKV
GTGYSLPQLRELRERLMPASLTRRRGNALGHGASLTAVSC
EQVSHEWKNSRRPAHLCHWEPSKRDDIPDYWFEPEASVV
LELTAFEIITPRESFLPANYTLRFPRVKRVRYDKGWEGAET
FERVVELFKECDGRLSANKRRAEETAASRASAGPAAKKRA
AGVAPTVGVPWHLKLSADLANTAVECYALDGVVAVVKG
TLSRRPGVETQIKRLGGKVHKNMTSLTTHLVDAPGAEVL
AEVERARRGGGSFEVVTAAWVDECSRVHARVTLEPRY VR
HVSEATREQIEAIMDEWGDNYTIAADPESLVDSMRLVREQ
RSAGGNCGDSPLAREAHVADALRDLDDETAVALRTRYA
MLRGVVAYVPRGSVALRLRLRLLGAQTVDEPSADSTHAV
LSASTSADERQRLRDKFTEDRVRDGRPSCGRHIVSDRWLA
ECERRGQREPEAQEDAWFGDRVGIRDRAL

95

Lymantria dispar
multicapsid nuclear
polyhedrosis virus

MENHDSFYKFCQLCQSLYDADDHQEKRDALERHFADFRG
SAFMWRELLAPAESDAAADRELTLIFETILSIERTEQENVT
RNLKCTIDGAAVPLSRESRITVPQVYEFINDLRGSGSRQER
LRLIGQFAAGCTDEDLLTVFRVVSDHAHAGLSAEDVMEL
VEPWERFQKPVPPALAQPCRRLASVLVKHPEGALAEVKY
DGERVQVHKAGSRFKFFSRTLKPVPEHKVAGCREHLTRAF
PRARNFILDAEIVMVDGSGEALPFGTLGRLKQMEHADGH
VCMYIFDCLRYNGVSYLNATPLDFRRRVLQDEIVPIEGRV
VLSAMERTNTLSELRRFVHRTLATGAEGVVLKGRLSSYAP
NKRDWFKMKKEHLCDGALVDTLDLVVLGAYYGTGRNC
RKMSVFLMGCLDRESNVWTTVTKVHSGLADAALTALSK
ELRPLMAAPRDDLPEWFDCNESMVPHLLAADPEKMPVW
EIACSEMKANIGAHTAGVTMRFPRVKRFRPDKDWSTATD
LQEAEQLIRNSQENTKKTFARLATTYDGPSPNKKLKLN

96

[0093] Some aspects include a DNA ligase that ligates DNA strands base paired to a DNA
splint. In some embodiments, the DNA ligase ligates DNA strands base paired to an RNA

splint. In some embodiments, the DNA ligase comprises an amino acid sequence at least 80%

identical to the amino acid sequence of any one of SEQ ID NOS: 55-96, or a functional

fragment thereof.

[0094] In some aspects, the ligases comprises at least one NLS (e.g., any one of the NLS in

Table 2). In some aspects, the ligase comprises at least one additional domain. In some aspects,

the at least one additional domain is a dimerization domain (e.g., any one of the dimerization

domain in Table 3). In some aspects, the ligase comprising a dimerization domain can be

dimerized with an endonuclease to form a heterodimer. In some aspects, the at least one
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additional domain is a functional domain. For example, the functional domain can comprises a
chromatin modifying domain (e.g., any one of the chromatin modifying domain in Table 4) or a
cell penetrating peptide (e.g., any one of the cell penetrating peptide in Table 5). In some
aspects, the ligase comprises a linker, where the linker can covalently connect the ligase with
another polypeptide (e.g., the endonuclease). In some aspects, the linker covalently connects the
ligase to the at least one additional domain. In some aspects, the ligase comprises a tag (e.g.,
any one of the tag in Table 6), where the tag can be used for increasing expression, identifying,
or purifying the ligase. A linker may separate the ligase from a nuclear localization signal, a
chromatin modifying domain, a cell penetrating peptide, or a tag polypeptide. Any linker
described herein may be included.

[0095] The ligase may comprise a binding motif for binding to a nucleic acid motif (e.g., a
hairpin motif). In some aspects, the ligase (e.g. DNA ligase) comprises an MS2 coat protein
(MCP) peptide. The ligase may include a hairpin binding motif such as an MCP peptide. The
MCP peptide may be useful for recruiting the ligase to a guide nucleic acid comprising an MS2
hairpin. A benefit of using a MCP peptide and MS2 hairpin is to separate the ligase and
endonuclease such as a Cas nickase (or a portion of them), and allow fitting within separate
vectors such as AAV vectors. In some aspects, the ligase comprises a loop region. In some
aspects, the loop region is a 2a loop or a 3a loop. The loop region may comprise a 2a loop. The
loop region may comprise a 3a loop.

Fusion Proteins

[0096] Disclosed herein are fusion proteins. Some aspects include a nucleic acid (e.g. an
expression vector) encoding a fusion protein. The fusion protein may include an endonuclease.
The fusion protein may include a ligase. The fusion protein may include a linker. The
endonuclease and ligase may be connected through a linker. The fusion protein may be an
example of a covalently coupled endonuclease and DNA ligase. The fusion protein may
comprise an endonuclease such as an RNA-guided endonuclease fused to a DNA ligase.

[0097] The fusion protein may be non-naturally occurring. The fusion protein may be
engineered. The fusion protein may be synthetic. The fusion protein may be pre-synthetized.
The fusion protein may be added to a subject or a cell. The fusion protein may be encoded by a
nucleic acid. The encoding nucleic acid may be engineered, synthetic, or added to a subject or a
cell.

[0098] The fusion protein may include one of various orientations. For example, the fusion
protein may include an RNA-guided endonuclease upstream (e.g. N-terminal or in the N-
direction) or downstream (e.g. C-terminal or in the C-direction) relative to the DNA ligase. The

fusion protein may include an RNA-guided endonuclease amino (N)-terminal to the DNA
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ligase. The fusion protein may include an RNA-guided endonuclease carboxy (C)-terminal to
the DNA ligase. The endonuclease may be in the amino direction within the fusion polypeptide
relative to the ligase. The endonuclease may be in the carboxy direction within the fusion
polypeptide relative to the ligase. The endonuclease may be N-terminal. The endonuclease may
be C-terminal. The ligase may be N-terminal. The ligase may be C-terminal.

[0099] The fusion protein may include a nuclear localization signal, chromatin modifying
domain, cell penetrating peptide, tag polypeptide, or exonuclease. The fusion protein may
include a nuclear localization signal. The fusion protein may include a chromatin modifying
domain. The fusion protein may include a cell penetrating peptide. The fusion protein may
include a tag polypeptide. The fusion protein may include an exonuclease. Any of the nuclear
localization signal, chromatin modifying domain, cell penetrating peptide, tag polypeptide, or
exonuclease, endonuclease, or ligase may be directly connected to another or to the
endonuclease or ligase. Any of the nuclear localization signal, chromatin modifying domain,
cell penetrating peptide, tag polypeptide, or exonuclease, endonuclease, or ligase may be
connected by a linker to another or to the endonuclease or ligase. Multiple linkers may be
included in the fusion protein. The fusion protein may exclude a polymerase.

[00100] A linker may include an amino acid linker. The amino acid linker may include a length
of residues. The length may include 1,2, 3, 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 40, 50, 60, 70, 80,
90, or 100 residues, or a range of residues defined by any two of the aforementioned integers.
The length may include at least 1 residue, at least 2 residues, at least 3 residues, at least 4
residues, at least 5 residues, at least 6 residues, at least 7 residues, at least 8 residues, at least 9
residues, at least 10 residues, at least 15 residues, at least 20 residues, at least 25 residues, at
least 30 residues, at least 40 residues, at least 50 residues, at least 60 residues, at least 70
residues, at least 80 residues, at least 90 residues, or at least 100 residues. In some aspects, the
length may include less than 2 residues, less than 3 residues, less than 4 residues, less than 5
residues, less than 6 residues, less than 7 residues, less than 8 residues, less than 9 residues, less
than 10 residues, less than 15 residues, less than 20 residues, less than 25 residues, less than 30
residues, less than 40 residues, less than 50 residues, less than 60 residues, less than 70
residues, less than 80 residues, less than 90 residues, or less than 100 residues. Examples of
residues may include alanine, arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic
acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, or valine, or any combination thereof. The linker may be non-
enzymatic, or may lack any enzymatic activity.

[00101] A connection may be covalent. A covalent connection may include a peptide bond. The

peptide bond may include amide bond. A connection may be between an N-terminus and
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another N-terminus. A connection may be between a C-terminus and another C-terminus. A
connection may be between an N-terminus and a C-terminus. A connection may be between a
C-terminus and an N-terminus.

[00102] The fusion protein may include connections in various orientations. The endonuclease
may be connected at its C-terminus. The endonuclease may be connected at its N-terminus. The
ligase may be connected at its C-terminus. The ligase may be connected at its N-terminus.
[00103] Fig. 7 illustrates some examples of fusion protein. The figure includes examples of
arrangements and orientations of the endonuclease, linker, ligase, or nuclear localization signal.
Other aspects may be incorporated into the examples shown.

Non-Covalently Coupled Proteins

[00104] Disclosed herein are non-covalently coupled proteins. Some aspects relate to a nucleic
acid (e.g. an expression vector) encoding a protein, or encoding at least part of a protein. The
proteins may include an endonuclease such as an RNA-guided endonuclease. A protein of the
non-covalently coupled proteins may include a portion of an endonuclease. A protein of the
non-covalently coupled proteins may include a portion of a ligase. The proteins may include a
ligase such as a DNA ligase. A protein of the non-covalently coupled proteins may include a
fusion protein.

[00105] The non-covalently coupled proteins may be bound together through
heterodimerization domains. Examples of heterodimerization domains may include a leucine
zipper, PDZ domain, streptavidin, streptavidin binding protein, foldon domain, hydrophobic
moiety, or a functional binding fragment thereof. A heterodimerization domain may include a
leucine zipper. A heterodimerization domain may include a PDZ domain. A heterodimerization
domain may include a streptavidin. A heterodimerization domain may include a streptavidin
binding protein. A heterodimerization domain may include a foldon domain. A
heterodimerization domain may include a hydrophobic moiety. A heterodimerization domain
may include an antibody or antibody fragment. The non-covalently coupled proteins may be
bound together through inteins.

[00106] The endonuclease and ligase may be coupled together by a separate molecule. The
separate molecule may comprise a nucleic acid (e.g. a guide nucleic acid). The ligase may
include a hairpin binding motif, where the RNA-guided endonuclease and the DNA ligase are
coupled with the nucleic acid. The nucleic acid may include a scaffold that binds the RNA-
guided endonuclease and a hairpin that binds to the hairpin binding motif. The hairpin binding
motif may include an MS2 coat protein (MCP) peptide. The hairpin may include an MS2
hairpin.
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[00107] The endonuclease and ligase may be coupled together by a heterobifunctional
molecule. The heterobifunctional molecule may include an endonuclease binding domain and a
DNA ligase binding domain. The heterobifunctional molecule may include an endonuclease
binding domain. The endonuclease binding domain may include a heterodimerization domain.
The endonuclease binding domain may include an antibody or antibody binding fragment. The
heterobifunctional molecule may include a ligase binding domain such as a DNA ligase binding
domain. The DNA ligase binding domain may include a heterodimerization domain. The DNA
ligase binding domain may include an antibody or antibody binding fragment. The
heterobifunctional molecule may include a small molecule. The small molecule may comprise a
proteolysis targeting chimera (PROTAC), or a related heterobifunctional molecule.

[00108] Some aspects include a protein complex, comprising: an RNA-guided endonuclease
bound to a DNA ligase. The endonuclease and the DNA ligase may be bound together through
heterodimerization domains. The protein complex of embodiment 75, wherein the
heterodimerization domains may comprise leucine zippers, PDZ domains, streptavidin and
streptavidin binding protein, foldon domains, hydrophobic polypeptides, an antibody that binds
the Cas nickase, or an antibody that binds the DNA ligase, or one or more binding fragments
thereof. The protein complex may be included in a cell. The cell may further include a
heterologous RNA-guided endonuclease and a DNA ligase that that was introduced into the
cell. The cell may further include a nuclease that is different from the RNA-guided
endonuclease.

Guide Nucleic Acids

[00109] Disclosed herein are guide nucleic acids. The guide nucleic acid may be included in a
composition, system or method disclosed herein. Some aspects relate to a nucleic acid (e.g.
DNA or an expression vector) that encodes a guide nucleic acid such as a guide RNA. Provided
herein are guide nucleic acids (e.g., gRNAs) that direct a programmable endonuclease (e.g., a
nCas9) to a target nucleic acid (e.g. a genomic locus). The guide nucleic acid may guide an
RNA-guided endonuclease to a target nucleic acid locus for nucleic acid replacement or gene
editing at the locus. A guide nucleic acid of the present disclosure may facilitate a donor strand
to be inserted into a target site of the target nucleic acid. A guide nucleic acid of the present
disclosure may facilitate editing of a nucleic acid sequence at a target site of the target nucleic
acid. The guide nucleic acid may, in some instances, also act as a splint for a DNA ligase
described herein, such as for ligating two nucleic acid strands base paired to a portion of the
guide nucleic acid. The guide nucleic acid may be single stranded. The guide nucleic acid may
include RNA. The guide nucleic acid may be RNA. The guide nucleic acid may include a guide
RNA (gRNA). In some cases, a guide nucleic acid may include DNA.
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[00110] The guide nucleic acid may be non-naturally occurring. The guide nucleic acid may be
engineered. The guide nucleic acid may be synthetic. The guide nucleic acid may be pre-
synthetized. The guide nucleic acid may be added to a subject or a cell. In some aspects, the
guide nucleic acid does not include a template for a polymerase.

[00111] The guide nucleic acid may include an integrating nucleic acid binding site. The
integrating nucleic acid binding site may be referred to as a “donor binding site.”

[00112] Disclosed herein are guide nucleic acids, comprising: a spacer reverse complementary
to a first region of a target nucleic acid; a scaffold configured to bind to an endonuclease; and
an integrating nucleic acid binding site and optionally a flap binding site reverse
complementary to a nucleic acid flap.

[00113] In some aspects, the guide nucleic acid comprises a spacer complementary to a
genomic locus in a cell; a scaffold for complexing with the at least one endonuclease; a donor
binding site that is at least partially complementary to a donor strand; a flap binding site that is
at least partially identical or complementary to a genomic flap at or adjacent to the genomic
locus; or a combination thereof. In some aspects, the guide nucleic acid can direct the at least
one endonuclease to cleave at least one strand of the genomic locus. In some aspects, the guide
nucleic acid can be at least partially complementary to the donor strand or at least partially
complementary to a genomic flap (e.g., a genomic nucleic acid sequence that is displaced and
become single-stranded when the guide nucleic acid recruits the endonuclease to the genomic
locus). In some aspects, the guide nucleic acid, being at least partially complementary to the
donor strand or at least partially complementary to a genomic flap, brings the donor strand to
close proximity of the cleaving of the genomic locus.

[00114] Disclosed herein, in some embodiments, are guide nucleic acids comprising a scaffold.
The scaffold may bind a nuclease. The scaffold may bind a Cas nuclease. The scaffold may
bind a nickase. The scaffold may bind a Cas nickase. The scaffold may bind an S. Pyogenes
Cas9 nuclease. The scaffold may bind an S. Pyogenes Cas9 nickase. The scaffold may include a
scaffold nucleic acid sequence. A system described herein may include a first guide nucleic
acid. The system can include a second guide nucleic acid. The first guide nucleic acid may bind
to a first Cas nickase. The second guide nucleic acid may bind to a second Cas nickase.

[00115] A guide nucleic acid may include any aspect of (i)-(iv): (i) a spacer complementary to a
region of a genomic locus of a genomic strand, (i1) a scaffold for complexing with an RNA-
guided endonuclease, (iii) a donor binding site that is at least partially complementary to an
integrating nucleic acid, or (iv) a flap binding site that is at least partially identical or
complementary to a genomic flap at or adjacent to the genomic locus. A guide nucleic acid may

include any aspect of (i)-(iii): (i) a spacer complementary to a region of a genomic locus of a
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genomic strand, (ii) a scaffold for complexing with an RNA-guided endonuclease, or (iii) a
donor binding site that is at least partially complementary to a splinting nucleic acid. A
component of (i), (i1), or (iii) may be included in a single guide nucleic acid, or may be split
between or collectively included among multiple guide nucleic acids.

[00116] In some aspects, the guide nucleic acid comprises a modified internucleoside linkage.
In some aspects, the modified internucleoside linkage comprises a phosphorothioate linkage. In
some aspects, the modified internucleoside linkage is between any of the 4 terminal nucleosides
ata 5’ end or at a 3’ end of the guide nucleic acid. The guide nucleic acid may include multiple
modified internucleoside linkages. For example, the guide nucleic acid may include modified
internucleoside linkages at nucleic acids of the 5’ and 3 ends of the guide nucleic acid, such as
between the last 4 nucleic acids at the 5° end and between the last 4 nucleic acids at the 3” end.
In some aspects, the guide nucleic acid comprises a modified nucleoside. In some aspects, the
modified nucleoside comprises a locked nucleic acid (LNA), a 2’ fluoro, a 2’ O-alkyl, or a
combination thereof. The modified nucleoside may include an LNA, a 2’fluoro, a 2° O-alkyl, a
methylated cytosine, an inverted thymidine, or a combination thereof. The modified nucleoside
may include an LNA. The modified nucleoside may include a 2’fluoro. The modified
nucleoside may include a 2° O-alkyl. The modified nucleoside may include a methylated
cytosine. In some aspects, the modified nucleoside is any of the 3 terminal nucleosides at a 5’
end or at a 3° end of the guide nucleic acid. The guide nucleic acid may include multiple
modified nucleosides. For example, the guide nucleic acid may include modified nucleosides at
nucleic acids of the 5” and 3 ends of the guide nucleic acid, such as the last 3 nucleic acids at
the 5° end and the last 3 nucleic acids at the 3’ end.

[00117] In some aspects, the guide nucleic acid comprises at least one nucleic acid
modification. In some aspect, the at least nucleic acid modification comprises modifying a
backbone, a sugar, a base, or a combination thereof of the guide nucleic acid. In some aspects,
the at least one nucleic acid modification can increase resistance of the guide nucleic acid to
degradation (e.g., against nuclease degradation or hydrolysis). In some aspects, the at least one
nucleic acid modification can increase the complexing of the guide nucleic acid to the at least
one endonuclease. In some aspects, the at least one nucleic acid modification can increase the
complexing of the guide nucleic acid to the donor strand. In some aspects, the at least one
nucleic acid modification can increase the complexing of the guide nucleic acid to the genomic
locus via by being complementary to the genomic flap.

[00118] In some aspects, the guide nucleic acid comprises at least one, two, three, four, five,
six, seven, eight, nine, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more
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nucleic acid modifications. In some aspects, nucleic acid modification can occur at 3’OH group,
5’0OH group, at the backbone, at the sugar component, or at the nucleotide base. Nucleic acid
modification can include non-naturally occurring linker molecules of interstrand or intrastrand
cross links. In one aspect, the modified nucleic acid comprises modification of one or more of
the 3’OH or 5’OH group, the backbone, the sugar component, or the nucleotide base, or
addition of non-naturally occurring linker molecules. In some aspects, modified backbone
comprises a backbone other than a phosphodiester backbone. In some aspects, a modified sugar
comprises a sugar other than deoxyribose (in modified DNA) or other than ribose (modified
RNA). In some aspects, a modified base comprises a base other than adenine, guanine, cytosine,
thymine or uracil. In some aspects, the guide nucleic acid comprises at least one modified base.
In some instances, the guide nucleic acid comprises at least one, two, three, four, five, six,
seven, eight, nine, 10, 15, 20, or more modified bases. In some cases, the nucleic acid
modifications to the base moiety include natural and synthetic modifications of adenine,
guanine, cytosine, thymine, or uracil, and purine or pyrimidine bases.

[00119] In some aspects, the at least one nucleic acid modification of the guide nucleic acid
comprises a modification of any one of or any combination of: 2' modified nucleotide
comprising 2'-O-methyl, 2'-O-methoxyethyl (2'-O-MOE), 2'-O-aminopropyl, 2'-deoxy, 2'-
deoxy-2'-fluoro, 2'-O-aminopropyl (2'-O-AP), 2'-O-dimethylaminoethyl (2'-O-DMAOE), 2'-O-
dimethylaminopropyl (2'-O-DMAP), 2'-O-dimethylaminoethyloxyethyl (2'-O-DMAEOE), or 2'-
O-N-methylacetamido (2'-O-NMA); modification of one or both of the non-linking phosphate
oxygens in the phosphodiester backbone linkage; modification of one or more of the linking
phosphate oxygens in the phosphodiester backbone linkage; modification of a constituent of the
ribose sugar; replacement of the phosphate moiety with “dephospho” linkers; modification or
replacement of a naturally occurring nucleobase; modification of the ribose-phosphate
backbone; modification of 5° end of polynucleotide; modification of 3” end of polynucleotide;
modification of the deoxyribose phosphate backbone; substitution of the phosphate group;
modification of the ribophosphate backbone; modifications to the sugar of a nucleotide;
modifications to the base of a nucleotide; or stereopure of nucleotide. Non limiting examples of
nucleic acid modification to the guide nucleic acid can include: modification of one or both of
non-linking or linking phosphate oxygens in the phosphodiester backbone linkage (e.g., sulfur
(S), selenium (Se), BR3 (wherein R can be, e.g., hydrogen, alkyl, or aryl), C (e.g., an alkyl
group, an aryl group, and the like), H, NR2, wherein R can be, e.g., hydrogen, alkyl, or aryl, or
wherein R can be, e.g., alkyl or aryl); replacement of the phosphate moiety with “dephospho”
linkers (e.g., replacement with methyl phosphonate, hydroxylamino, siloxane, carbonate,

carboxymethyl, carbamate, amide, thioether, ethylene oxide linker, sulfonate, sulfonamide,
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thioformacetal, formacetal, oxime, methyleneimino, methylenemethylimino, methylenehydrazo,
methylenedimethylhydrazo, or methyleneoxymethylimino); modification or replacement of a
naturally occurring nucleobase with nucleic acid analog; modification of deoxyribose-
phosphate or ribose-phosphate backbone (e.g., modifying the ribose-phosphate backbone to
incorporate phosphorothioate, phosphonothioacetate, phosphoroselenates, boranophosphates,
borano phosphate esters, hydrogen phosphonates, phosphonocarboxylate, phosphoroamidates,
alkyl or aryl phosphonates, phosphonoacetate, or phosphotriesters; modification of 5” end (e.g.,
5’ cap or modification of 5” cap -OH) or 3’ end of the nucleic acid sequence (3’ tail or
modification of 3’ end -OH); substitution of the phosphate group with methyl phosphonate,
hydroxylamino, siloxane, carbonate, carboxymethyl, carbamate, amide, thioether, ethylene
oxide linker, sulfonate, sulfonamide, thioformacetal, formacetal, oxime, methyleneimino,
methylenemethylimino, methylenehydrazo, methylenedimethylhydrazo, or
methyleneoxymethylimino; modification of the ribophosphate backbone to incorporate
morpholino (phosphorodiamidate morpholino oligomer PMO), cyclobutyl, pyrrolidine, or
peptide nucleic acid (PNA) nucleoside surrogates; modifications to the sugar of a nucleotide to
incorporate locked nucleic acid (LNA), unlocked nucleic acid (UNA), ethylene nucleic acid
(ENA), constrained ethyl (cEt) sugar, or bridged nucleic acid (BNA); modification of a
constituent of the ribose sugar (e.g., 2’-O-methyl, 2’-O-methoxy-ethyl (2°-MOE), 2’-fluoro, 2’-
aminoethyl, 2’-deoxy-2’-fuloarabinou-cleic acid, 2'-deoxy, 2'-O-methyl, 3'-phosphorothioate,
3'-phosphonoacetate (PACE), or 3'-phosphonothioacetate (thioPACE)); modification to the
base of a nucleotide (of A, T, C, G, or U); and stereopure of nucleotide (e.g., S conformation of
phosphorothioate or R conformation of phosphorothioate).

[00120] In some aspects, the nucleic acid modification comprises at least one substitution of
one or both of non-linking phosphate oxygen atoms in a phosphodiester backbone linkage of
the guide nucleic acid. In some aspects, the at least one nucleic acid modification of the guide
nucleic acid comprises a substitution of one or more of linking phosphate oxygen atoms in a
phosphodiester backbone linkage of the guide nucleic acid. A non-limiting example of a nucleic
acid modification of a phosphate oxygen atom is a sulfur atom. In some aspects, the nucleic
acid modification comprises at least one modification to a sugar. In some aspects, the nucleic
acid modification comprises at least one nucleic acid modification to the sugar comprising a
modification of a constituent of the sugar, where the sugar is a ribose sugar. In some aspects,
the nucleic acid modification of the guide nucleic acid comprises at least one modification to
the constituent of the ribose sugar of the nucleotide of the guide nucleic acid comprising a 2’-O-
Methyl group. In some aspects, the nucleic acid modification comprises at least one

modification comprising replacement of a phosphate moiety of the guide nucleic acid with a
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dephospho linker. In some aspects, the nucleic acid modification of comprises at least one
modification of a phosphate backbone. In some aspects, the modification comprises a
phosphorothioate group. In some aspects, the nucleic acid modifications comprises at least one
modification comprising a modification to a base of a nucleotide of the guide nucleic acid. In
some aspects, the nucleic acid modifications comprises at least one modification comprising an
unnatural base of a nucleotide. In some aspects, the nucleic acid modifications comprises at
least one modification comprising at least one stereopure nucleic acid. In some aspects, the at
least one nucleic acid modification can be positioned proximal to a 5” end of the guide nucleic
acid. In some aspects, the at least one nucleic acid modification can be positioned proximal to a
3’ end of the guide nucleic acid. In some aspects, the at least one nucleic acid modification can
be positioned proximal to both 5’ and 3’ ends of the guide nucleic acid.

[00121] In some aspects, the guide nucleic acid described herein comprises a backbone
comprising a plurality of sugar and phosphate moieties covalently linked together. In some
cases, a backbone of the guide nucleic acid comprises a phosphodiester bond linkage between a
first hydroxyl group in a phosphate group on a 5’ carbon of a deoxyribose in DNA or ribose in
RNA and a second hydroxyl group on a 3’ carbon of a deoxyribose in DNA or ribose in RNA.
In some aspects, a backbone of the guide nucleic acid can lack a 5° reducing hydroxyl, a 3’
reducing hydroxyl, or both, capable of being exposed to a solvent. In some aspects, a backbone
of the guide nucleic acid can lack a 5’ reducing hydroxyl, a 3’ reducing hydroxyl, or both,
capable of being exposed to nucleases. In some aspects, a backbone of the guide nucleic acid
can lack a 5’ reducing hydroxyl, a 3’ reducing hydroxyl, or both, capable of being exposed to
hydrolytic enzymes. In some instances, a backbone of the guide nucleic acid can be represented
as a polynucleotide sequence in a circular 2-dimensional format with one nucleotide after the
other. In some instances, a backbone of the guide nucleic acid can be represented as a
polynucleotide sequence in a looped 2-dimensional format with one nucleotide after the other.
In some cases, a 5” hydroxyl, a 3° hydroxyl, or both, are joined through a phosphorus-oxygen
bond. In some cases, a 5’ hydroxyl, a 3” hydroxyl, or both, are modified into a phosphoester
with a phosphorus-containing moiety. In some aspects, the guide nucleic acid comprises at least
one nucleic acid modification comprising any one of: 5’ adenylate, 5' guanosine-triphosphate
cap, S'N7-Methylguanosine-triphosphate cap, 5'triphosphate cap, 3'phosphate, 3'thiophosphate,
S'phosphate, 5'thiophosphate, Cis-Syn thymidine dimer, trimers, C12 spacer, C3 spacer, C6
spacer, dSpacer, PC spacer, rSpacer, Spacer 18, Spacer 9,3'-3' modifications, 5'-5'
modifications, abasic, acridine, azobenzene, biotin, biotin BB, biotin TEG, cholesteryl TEG,
desthiobiotin TEG, DNP TEG, DNP-X, DOTA, dT-Biotin, dual biotin, PC biotin, psoralen C2,
psoralen C6, TINA, 3'DABCYL, black hole quencher 1, black hole quencher 2, DABCYL SE,
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dT-DABCYL, IRDye QC-1, QSY-21, QSY-35, QSY-7, QSY-9, carboxyl linker, thiol linkers,
2'deoxyribonucleoside analog purine, 2'deoxyribonucleoside analog pyrimidine, ribonucleoside
analog, 2'-O-methyl ribonucleoside analog, sugar modified analogs, wobble/universal bases,
fluorescent dye label, 2'fluoro RNA, 2'0-methyl RNA, methylphosphonate, phosphodiester
DNA, phosphodiester RNA, phosphothioate DNA, phosphorothioate RNA, UNA, LNA, cEt,
pseudouridine-5'-triphosphate, 5-methylcytidine-5'-triphosphate, 2-O-methyl -phosphorothioate
or any combinations thereof.

[00122] A nucleic acid modification can also be a phosphorothioate substitute. In some cases, a
natural phosphodiester bond can be susceptible to rapid degradation by cellular nucleases and; a
modification of internucleotide linkage using phosphorothioate (PS) bond substitutes can be
more stable towards hydrolysis by cellular degradation. A modification can increase stability in
a polynucleic acid. A modification can also enhance biological activity. In some cases, a
phosphorothioate enhanced RNA polynucleic acid can inhibit RNase A, RNase T1, calf serum
nucleases, or any combinations thereof. These properties can allow the use of PS-RNA
polynucleic acids to be used in applications where exposure to nucleases is of high probability
in vivo or in vitro. For example, phosphorothioate (PS) bonds can be introduced between the
last 3-5 nucleotides at the 5'-or 3'-end of a polynucleic acid which can inhibit exonuclease
degradation. In some cases, phosphorothioate bonds can be added throughout an entire
polynucleic acid to reduce attack by endonucleases. In some aspects, the guide nucleic acid
comprises at least one, two, three, four, five, six, seven, eight, nine, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 50, 100, or more internucleotide linkage
comprising PS bond. In some aspects, the guide nucleic acid comprises only PS bond as the
internucleotide linkage modification. In some aspects, all internucleotide linkages of the guide
nucleic acid herein are fully PS-modified or include phosphorothioate internucleotide linkages.
[00123] The guide nucleic acid may include a hairpin. The hairpin may bind to a hairpin
binding motif such as a hairpin binding motif on a DNA ligase. The hairpin may include an
MS?2 hairpin A hairpin such as an MS2 hairpin may be useful for recruiting a DNA ligase that
includes an MCP peptide.

[00124] The guide nucleic acid may include any aspect included in Fig. 1A-6C. Table 8
illustrates non-limiting examples of some of the guide nucleic acids described herein. Some of

the guide nucleic acids in the table include nucleic acid modifications.
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Name

Nucleic acid sequence (5’ to 3’)

SEQ
1D
NO:

BFP

atggtgagcaagggcgaggagcetgticaccggggtggtgcccatectggtegagetggacggegac
gtaaacggccacaagticagegtgtccggegagggegagggcegatgecacctacggeaagetgac
cctgaagttcatctgcaccaccggcaagetgecGgtgecectggeccaccCTCgtgaccaccectga
ccCATggcgtgcagtgcttcagecgetaccccgaccacatgaageageacgacttcttcaagtecg
ccatgcccgaaggcetacgtccaggagegeaccatcttcttcaaggacgacggceaactacaagacce
gcgecgaggtgaagttcgagggcgacaccetggtgaaccgeatcgagetgaagggceatcgacttca
aggaggacggcaacatcctggggcacaagetggagtacaactacaacagecacaacgtctatatcat
ggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgecacaacatcgaggacggea
gegtgcagcetcgecgaccactaccageagaacacceccatcggegacggeccegtgctgetgece
gacaaccactacctgagcacccagtccaagctgagcaaagaccccaacgagaagegcgatcacat
ggtcetgetggagttcgtgaccgecgecgggatcacteteggeatggacgagetgtacaagTAA

97

Repl .BFP.Fwd
Guide

mC*mU*mG*AAGUUCAUCUGCACCACGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCGUGGGCCAG
GGCACCGGCAGCUUGCCGGUGGUGCAGAUGmMA*mA*mC*U

98

Repl BFP Rev
Guide

mG*mA*mC*GUAGCCUUCGGGCAUGGGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCUGAAGCAGC
ACGACUUCUUCAAGUCCGCCAUGCCCGAAGMG*mC*mU*A

99

Repl BFP.Fwd
Guide.SpPAM
mut

mC*mU*mG*AAGUUCAUCUGCACCACGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCGUGGGCCAG
GGCACCGGCAGCUUGCCGGUUGUGCAGAUGmMA*mA*mC*U

100

Repl BFP Rev
Guide. SpPAM
mut

mG*mA*mC*GUAGCCUUCGGGCAUGGGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCUGAAGCAGC
ACGACUUCUUCAAGUCAGCCAUGCCCGAAGMG*mC*mU*A

101

Rep1 BFP2GF
P.TopDonor.5
P

/5Phos/caccggeaagetgecGgtgecctggeccaccCTCgtgaccaccetgacc TACgge
gtgcagtgcttcageegetaccccgaccaca

102

Rep1 BFP2GF
P.BotDonor.5P

/5Phos/tggcggacttgaagaagtcgtgctgcttcatgtggtcggegtageggctgaageactgeac
occGTAggtcaggotegtcacGAGg

103

Rep1 BFP2GF
P.TopDonor. R
ecoded. 5P

/5Phos/caccggeaagctgecGgtgecctggeccacTCTTGTGACCACCTTGAC
CtACGGTGTCCAGTGTTTTAGCAGGTATCCGGATCACA

104

Rep1 BFP2GF
P.BotDonor.Re
coded.5P

/5Phos/tggcggacttgaagaagtcgtgctgcttcaTGTGATCCGGATACCTGCTA
AAACACTGGACACCGTaGGTCAAGGTGGTCACAAGA

105

Repl.BFP2GF

P.TopDonor.S

pPAMmut.Rec
oded.SP

/5Phos/AaccggcaagctgecGgtgecctggeccacTCTTGTGACCACCTTGAC
CtACGGTGTCCAGTGTTTTAGCAGGTATCCGGATCACA

106

Rep1 BFP2GF

P.BotDonor.Sp

PAMmut.Reco
ded.5P

/5Phos/tggcTgacttgaagaagtcgtgctgcttcalTGTGATCCGGATACCTGCT
AAAACACTGGACACCGTaGGTCAAGGTGGTCACAAGA

107
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Name

Nucleic acid sequence (5’ to 3’)

SEQ
1D
NO:

Repl1 BFP2GF

P.TopDonor R

ecoded.5P.end
Phos

/5Phos/c*a*c*cggeaagetgecGgtgecctggeccacTCTTGTGACCACCTTG
ACCtACGGTGTCCAGTGTTTTAGCAGGTATCCGGATC*A*C*A

108

Repl BFP2GF

P .BotDonor Re

coded.5P.endP
hos

/5Phos/t*g*g*cggacttgaagaagtcgtgetgcttcaTGTGATCCGGATACCTG
CTAAAACACTGGACACCGTaGGTCAAGGTGGTCACA*A*G*A

109

Rep2.BFP.Fwd
Guide

mC*mU*mG*AAGUUCAUCUGCACCACGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCCUACGGCAAG
CUGACCmC*mU*mG*A

110

Rep2 BFP Rev
Guide

mG*mA*mC*GUAGCCUUCGGGCAUGGGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCAGAUGGUGC

GCUCCUGMG*mA*mC*G

111

Rep2 BFP2GF
P.TopDonor.S
pPAMmut.5P

/5Phos/AaccggcaagctgecGgtgecctggeccaccCTCgtgaccaccetgaccTACgg
cgtgcagtgcttcagecgcetaccecgaccacatgaageageacgacttettcaagtcAgecatgeee
gaaggctacgtccaggagegeaccatct

112

Rep2 BFP2GF
P.BotDonor.Sp
PAMmut.5P

/5Phos/tggcTgacttgaagaagtcgtgctgcttcatgtggteggggtageggetgaageactgea
cgecGTAggtcagggtgotcacGAGggtgggcecagggcacCggeagettgecggtTgtgca
gatgaacttcagggtcagcttgecgtag

113

Rep2.BFP2GF

P.TopDonor.S

pPAMmut.Rec
oded.5P

/5Phos/AACCGGTAAGTTGCCAGTCCCGTGGCCTACTCTTGTGA
CCACCTTGACCtACGGTGTCCAGTGTTTTAGCAGGTATCCGGA
TCACATGAAACAGCATGACTTCTTTAAATCAGCTATGcccgaagg
ctacgtccaggagcgcaccatct

114

Rep2 BFP2GF

P.BotDonor.Sp

PAMmut.Reco
ded.5P

/5Phos’sTAGCTGATTTAAAGAAGTCATGCTGTTTCATGTGATCC
GGATACCTGCTAAAACACTGGACACCGTaGGTCAAGGTGGTC
ACAAGAGTAGGCCACGGGACTGGCAACTTACCGGT Tgtgcagatg
aacttcagggtcagcttgecgtag

115

Rep2 BFP2GF
P.TopDonor.5
P

/5Phos/caccggeaagetgecGgtgecctggeccaccCTCgtgaccaccetgacc TACgge
gtgeagtgcttcagecgetacccegaccacatgaageageacgacttcttcaagtecgecatgecega
aggctacgtccaggagegeaccatct

116

Rep2 BFP2GF
P.BotDonor.5P

/SPhos/tggcggacttgaagaagtcgtgctgcttcatgtggtcggggtageggetgaageactgeac

gccGTAggtcagggtgetcacGAGggtgggecagggcacCggeagcettgccggtegtecag
atgaacttcagggtcagcttgecgtag

117

Rep2.BFP2GF

P.TopDonor.S

pPAMmut.Rec

oded.5P.endPh
0s

/5SPhos/A*A*C*CGGTAAGTTGCCAGTCCCGTGGCCTACTCTTGT
GACCACCTTGACCtACGGTGTCCAGTGTTTTAGCAGGTATCCG
GATCACATGAAACAGCATGACTTCTTTAAATCAGCTATGcccga
aggctacgtccaggagegeacca™t*c*t

118

Rep2 BFP2GF

P.BotDonor.Sp

PAMmut.Reco

ded.5P.endPho
s

/5Phos/T*A*G*CTGATTTAAAGAAGTCATGCTGTTTCATGTGAT
CCGGATACCTGCTAAAACACTGGACACCGTaGGTCAAGGTGG
TCACAAGAGTAGGCCACGGGACTGGCAACTTACCGGTTgtgcag
atgaacttcagggtcagcttgecg*t*a*g

119

Rep2.CBX1.F
wdGuide

mG*mA*mA*AGCUGGCGGGCACUAUGGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA

120
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Name

Nucleic acid sequence (5’ to 3’)

SEQ
1D
NO:

UCAACUUGAAAAAGUGGCACCGAGUCGGUGCGUCACCCUUU
ACACCAMG*mA*mA*A

Rep2.CBX1.R
evGuide

mC*mU*mU*UGCCCUUUACCACUCGAGUUUAAGAGCUAUGC
UGGAAACAGCAUAGCAAGUUUAAAUAAGGCUAGUCCGUUA
UCAACUUGAAAAAGUGGCACCGAGUCGGUGCUUUAGGAGG
UACUCCAMC*mU*mU*U

121

Rep2. mGL-
CBX1.TopDon
or.SpPAMmut.

5P

ATGgtgagcaagggcgaggagetgttcaccggggtegtecccatectggtcgagetggacggcg
acgtaaacggccacaagttcagegtccgeggegagggegagggcgatgecaccaacggeaaget
gaccctgaagttcatctgcaccaccggceaagetgeccgtgecctggeccaccctegtgaccaccttag
gctacggegtggcectgcettcgeecgetaccececgaccacatgaagcageacgacttcttcaagtecge
catgcccgaaggcetacgtccaggagegceaccatctetttcaaggacgacggtacctacaagacccge
gcecgaggtgaagticgagggcegacaccctggtgaaccgeategtgetgaagggeatcgacttcaag
gaggacggcaacatcctggggcacaagetggagtacaacttcaacagecacaaggtctatatcacg
gccgacaagcagaagaacggceatcaaggcetaacttcaagacccgecacaacgttgaggacggcge
cgtgcagctcgecgaccactaccagecagaacacceccatcggegacggecccgtgetgetgeccg
acaaccactacctgagccatcagtccaaactgagcaaagaccccaacgagaagcegegatcacatgg
tcctgaaggagagggtgaccgecgecgggattacacatgacatggacgagetgtacaagtetggag
gatctagcggaggatccGGGAAGAAACAAAACAAGAAGAAAGTGGAG
GAGGTGCTAGAAGAGGAGGAAGAGGAATATGTGGTGGAAAA
AGTTCTCGAtCGTCGAGTGGTAAAGGGCAAAGTGGAGTACCT
CCTAAA

122

Rep2.mGL-
CBX1.BotDon
or.SpPAMmut.

SP

CGACGaTCGAGAACTTTTTCCACCACATATTCCTCTTCCTCCTC
TTCTAGCACCTCCTCCACTTTCTTCTTGTTTTGTTTCTTCCCggat
cctecgetagatcctccagacttgtacagcetegtecatgteatgtgtaatcceggeggeggtceaccctcet
ccttcaggaccatgtgatcgegcttetegttggggtcetttgetcagtitggactgatggetcaggtagtes
ttgtcgggcageagcacggggccgtegecgatggggotattctgetggtagtggtcggcgagetge
acgecgcecgtectcaacgttgtggegggtettgaagttagecttgatgecgttettetgettgtcggecgt
gatatagaccttgtggctgttgaagttgtactccagettgtgecccaggatgttgecgtectecttgaagt
cgatgccecttcagecacgatgeggttcaccagggtgtegecctegaacttcacctecggegegggtettg
taggtaccgtcgtccttgaaagagatggtgegetectggacgtagecttcgggeatggeggacttgaa
gaagtcgtgctgcttcatgtggtcggggtagegggcgaageaggecacgecgtagectaaggtggt
cacgagggtgggaccagggcacgggcagcettgeccggtggtgcagatgaacticagggtcagettgee
gttggtogocatcgecctcgecctecgecgeggacgcetgaacttgtggecgtttacgtcgecgtecaget
cgaccaggatgggcaccaccccggtgaacagcetcctegeecettgetcacCATAGTGCCCG
CCAGCTTTCTGGTGTAAAGGGTGAC

123

CBX1-001
Exon 2
(includes
beginning of
ORF)

CAGCGTCACCCTTTACACCAGAAAGCTGGCGGGCACTATGGG
GAAAAAACAAAACAAGAAGAAAGTGGAGGAGGTGCTAGAA
GAGGAGGAAGAGGAATATGTGGTGGAAAAAGTTCTCGACCG
TCGAGTGGTAAAGGGCAAAGTGGAGTACCTCCTAAAGTGGA
AGGGATTCTCAGA

124

[00125] The guide nucleic acid may include a sequence of linking nucleic acids (e.g. linking

RNA or DNA nucleotides) between components of the guide nucleic acid. For example, the

guide nucleic acid may include a sequence of linking nucleic acids between any of the

following components: a spacer, a scaffold, a donor binding site, or a flap binding site. The

guide nucleic acid may include a sequence of linking nucleic acids between a spacer, a scaffold,
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or a donor binding site. The guide nucleic acid include a sequence of linking nucleic acids
between the scaffold and the donor binding site The guide nucleic acid may include a sequence
of linking nucleic acids between a spacer and a scaffold. The guide nucleic acid may include
multiple sequences of linking nucleic acids between components.
[00126] The sequence of linking nucleic acids may include any base, such as A, U, T, G, or C,
or a combination thereof. The sequence of linking nucleic acids may include A, T, G, or C, or a
combination thereof. The sequence of linking nucleic acids may include A, U, G, or C, or a
combination thereof. The sequence of linking nucleic acids may include a series of As. The
sequence of linking nucleic acids may include a series of Ts. The sequence of linking nucleic
acids may include a series of Us. The sequence of linking nucleic acids may include a series of
Cs. The sequence of linking nucleic acids may include a series of Gs.
[00127] The sequence of linking nucleic acids may include a length, such as a number of
nucleotides. The length may include 1,2, 3, 4, 5,6, 7, 8,9 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100 nucleotides,
or a range defined by any two of the aforementioned numbers of nucleotides. The length may
include at least 1, at least 2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least
910, at least 11, at least 12, at least 13, at least 14, at least 15, at least 16, at least 17, at least 18,
at least 19, at least 20, at least 21, at least 22, at least 23, at least 24, at least 25, at least 30, at
least 35, at least 40, at least 45, at least 50, at least 55, at least 60, at least 65, at least 70, at least
75, at least 80, at least 85, at least 90, at least 95, or at least 100 nucleotides. In some aspects,
the length may be less than 2, less than 3, less than 4, less than 5, less than 6, less than 7, less
than 8, less than 9 10, less than 11, less than 12, less than 13, less than 14, less than 15, less
than 16, less than 17, less than 18, less than 19, less than 20, less than 21, less than 22, less than
23, less than 24, less than 25, less than 30, less than 35, less than 40, less than 45, less than 50,
less than 55, less than 60, less than 65, less than 70, less than 75, less than 80, less than 85, less
than 90, less than 95, or less than 100 nucleotides.
[00128] Some aspects relate to a guide nucleic acid comprising: a spacer that is at least partially
complementary to a genomic locus in a cell; a scaffold for complexing with a RNA-guided
endonuclease; and a donor binding site that is at least partially complementary to an integrating
nucleic acid. The guide nucleic acid may further comprise a flap binding site that is at least
partially complementary to a genomic sequence of the genomic locus. The guide nucleic acid
may further comprise at least one nucleic acid modification. The at least one nucleic acid
modification may comprise a modification to a backbone, a sugar, a base, or a combination

thereof. The guide nucleic acid may comprise RNA.
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[00129] Some aspects include a guide nucleic acid, comprising: a spacer at least partially
reverse complementary to a first region of a target nucleic acid; a scaffold configured to bind to
an endonuclease; and a flap binding site at least partially reverse complementary to a nucleic
acid flap, and an integrating nucleic acid binding site.

Integrating nucleic acids

[00130] Disclosed herein are integrating nucleic acids. The integrating nucleic acid may be
included in a composition, system, or method disclosed herein. Some aspects relate to a nucleic
acid that encodes an integrating nucleic acid. Provided herein are integrating nucleic acids that
are inserted into a target nucleic acid such as a host genome at a genetic locus. For example, the
integrating nucleic acid may replace a nucleic acid in the target nucleic acid. The integrating
nucleic acid may be referred to as a “donor nucleic acid,” “donor” or “donor strand.” Where a
genomic locus is described, a genetic locus may be included, or vice versa. For example, the
locus may be part of a host genome or may be a part of a non-genome nucleic acid. The donor
may include DNA. Likewise, the target nucleic acid may include DNA. In some cases, the
donor may include RNA, for example when a target nucleic acid includes RNA. The integrating
nucleic acid may include any insert, such as a gene or a regulatory element, to be inserted at a
genomic locus of a target nucleic acid. The donor strand may include a sequence that is at least
partially homologous to the genomic locus. The integrating nucleic acid may, in some
instances, also act as a splint for a DNA ligase described herein, such as for ligating two nucleic
acid strands base paired to a portion of the splinting integrating nucleic acid. In some cases, the
splint includes one strand of the integrating nucleic acid, and the portion being ligated may be
another strand of the integrating nucleic acid. In some cases, the splint includes a strand of the
integrating nucleic acid, and the portion being ligated may be an upstream or downstream
portion of the same strand of the integrating nucleic acid. The integrating nucleic acid may be
single stranded. The integrating nucleic acid may be double stranded. The integrating nucleic
acid may be delivered as two strands. The integrating nucleic acid may be delivered as multiple
strands, e.g. 2 strands.

[00131] The integrating nucleic acid may be non-naturally occurring. The integrating nucleic
acid may be engineered. The integrating nucleic acid may be synthetic. The integrating nucleic
acid may be pre-synthetized. The integrating nucleic acid may be added to a subject or a cell. In
some aspects, the integrating nucleic acid does not include a template for a polymerase.

[00132] Disclosed herein are integrating nucleic acids, comprising: a double-stranded DNA
region to be inserted into a target nucleic acid, wherein the double-stranded DNA region is

flanked by at least one overhang comprising a flap binding site and/or guide binding site.
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[00133] The integrating nucleic acid may be ligated into a target nucleic acid such as a genomic
strand. The integrating nucleic acid may include a 5’ end that may be ligated to a 3’ terminus of
a genomic strand generated by an RNA-guided endonuclease.

[00134] The donor may include any aspect included in Fig. 1A-6C. For example, the donor
may include an aspect such as a guide binding site, a flap binding site, or an overhang. The
donor may include a guide binding site. The donor may include 2 guide binding sites. The
donor may include a flap binding site. The donor may include 2 flap binding sites. The donor
may include an overhang. The donor may include 2 overhangs. The aspects may be included at
a5’ end or a 3’ end of the donor, or at both ends. A guide binding site or a flap binding site may
be in an internal region of the donor.

[00135] Some aspects include an integrating nucleic acid, comprising: a double-stranded DNA
region to be inserted into a target nucleic acid, wherein the double-stranded DNA region is
flanked by at least one overhang comprising a flap binding site or guide binding site.

[00136] In some aspects, the integrating nucleic acid comprises a modified internucleoside
linkage. In some aspects, the modified internucleoside linkage comprises a phosphorothioate
linkage. In some aspects, the modified internucleoside linkage is between any of the 4 terminal
nucleosides at a 5’ end or at a 3” end of the integrating nucleic acid. The integrating nucleic acid
may include multiple modified internucleoside linkages. For example, the integrating nucleic
acid may include modified internucleoside linkages at nucleic acids of the 5° and 3’ ends of the
integrating nucleic acid, such as between the last 4 nucleic acids at the 5’ end and between the
last 4 nucleic acids at the 3’ end. In some aspects, the integrating nucleic acid comprises a
modified nucleoside. In some aspects, the modified nucleoside comprises a locked nucleic acid
(LNA), a2’ fluoro, a 2’ O-alkyl, a 5> O-methyl, a 2’-O-methyl, or a combination thereof. The
modified nucleoside may include an LNA, a 2’fluoro, a 2° O-alkyl, a methylated cytosine, an
inverted thymidine, or a combination thereof. The modified nucleoside may include an LNA.
The modified nucleoside may include a 2’fluoro. The modified nucleoside may include a 2° O-
alkyl. The modified nucleoside may include a methylated cytosine. In some aspects, the
modified nucleoside is any of the 3 terminal nucleosides at a 5’ end or at a 3’ end of the
integrating nucleic acid. The integrating nucleic acid may include multiple modified
nucleosides. For example, the integrating nucleic acid may include modified nucleosides at
nucleic acids of the 5° and 3 ends of the integrating nucleic acid, such as the last 3 nucleic
acids at the 5° end and the last 3 nucleic acids at the 3” end. The integrating nucleic acid may
include any modification such as a modified nucleoside or modified internucleoside linkage
described in relation to guide nucleic acids, insofar as it does not interfere with the function of

the integrating nucleic acid after it is ligated into a target nucleic acid such as a host genome.
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The integrating nucleic acid may include any number or combination of modifications such as a
number or combination described in relation to guide nucleic acids, insofar as it does not
interfere with a function of the integrating nucleic acid. Table 8 includes some examples of
integrating nucleic acid sequences.
[00137] The integrating nucleic acid may include a methylated nucleotide. The integrating
nucleic acid may include an unmethylated nucleotide. An example of a methylated nucleotide
may include a nucleotide including methylated cytosine. The cytosine may be methylated at a
C-5 position of the cytosine ring. An example of an unmethylated nucleotide may include an
unmethylated cytosine. The unmethylated nucleotide may include a cytosine that is not
methylated at a C-5 position of the cytosine ring.
Target nucleic acids
[00138] Disclosed herein are target nucleic acids. The target nucleic acid may include DNA.
The target nucleic acid may be DNA. The target nucleic acid may include RNA. The target
nucleic acid may be in a cell. The target nucleic acid may be methylated. The target nucleic acid
may be unmethylated. The target nucleic acid may comprise a genome. The target nucleic acid
may comprise genomic DNA. The target nucleic acid may comprise a chromosome. The target
nucleic acid may comprise a gene.
[00139] The target nucleic acid may be in a subject. The target nucleic acid may be in a cell.
The target nucleic acid may be in a test tube.
[00140] The target nucleic acid may be edited. The target nucleic acid may be edited in vitro.
The target nucleic acid may be edited in vivo.
Systems
[00141] Described herein are systems for nucleic acid editing (also known as gene editing). The
editing system may include an endonuclease such as an RNA-guided endonuclease, a guide
nucleic acid, and an integrating nucleic acid. Where gene editing is described, it is contemplated
that the editing may be of a gene, regulatory element, or any sequence of a nucleic acid. Also,
where genome editing is described, such as genome editing at a genetic locus, it is contemplated
that nucleic acid editing not comprising a genome may also be performed. For example,
genome editing may refer to editing of a genome of an organism, or may include editing of a
nucleic acid that is not part of a genome. The systems described herein may be used in gene
editing methods.
[00142] Described herein, in some aspects, is a system comprising at least one endonuclease; at
least one guide nucleic acid; at least one ligase; at least one donor strand; or a combination
thereof. In some aspects, the guide nucleic acid directs the endonuclease to the genomic locus

for cleaving at least one strand of the genomic locus, where, after cleavage, the donor strand is
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ligated and thus incorporated into the genomic locus by the ligase. In some aspects, the system
comprises: a first endonuclease to be complexed with a first guide nucleic acid, where the first
endonuclease can be operatively coupled to a first ligase; and a second endonuclease to be
complexed with a second guide nucleic acid, where the second endonuclease can be operatively
coupled to a second ligase. In such system each of the first endonuclease and the second
endonuclease can each cleave at least one strand of the genomic locus for incorporation of the
donor strand.

[00143] In some aspects, the system comprises one, two, three, or more endonucleases. In some
aspects, the system comprises one endonucleases. In some aspects, the two endonucleases can
each be complexed with a different guide nucleic acid. In some aspects, the two endonucleases
can each be operatively coupled to a ligase. In some aspects, the endonuclease is a
programmable endonuclease. In some aspects, the endonuclease comprises a RNA-guided
endonuclease, where the guide nucleic acid comprises a guide RNA. In some aspects, the
endonuclease comprises a nickase, where the endonuclease only cleaves one strand (as opposed
to making a double-stranded break). In some aspects, the endonuclease comprises a localization
signal sequence to increase the accumulation of the endonuclease in the proximity of the
genomic locus (e.g., in the nucleus). In some aspects, the endonuclease comprises at least one
additional domain. In some aspects, the at least one additional domain is a dimerization domain.
In some aspects, the endonuclease comprising a dimerization domain can be dimerized with a
ligase to form a heterodimer. In some aspects, the at least one additional domain is a functional
domain. For example, the functional domain can comprises a chromatin modifying domain or a
cell penetrating peptide. In some aspects, the endonuclease comprises a linker, where the linker
can covalently connect the endonuclease with another polypeptide (e.g., the ligase). In some
aspects, the linker covalently connects the endonuclease to the at least one additional domain.
In some aspects, the endonuclease comprises a tag, where the tag can be used for increasing
expression, identifying, or purifying the endonuclease.

[00144] In some aspects, the system comprises one, two, three, or more guide nucleic acids. In
some aspects, the system comprises one guide nucleic acid, where the one guide nucleic acid
can be complexed with at least one endonuclease. In some aspects, the system comprises two
guide nucleic acids, where the two guide nucleic acids can each be complexed with the at least
one endonuclease. In some aspects, the guide nucleic acid comprises a spacer complementary to
a genomic locus in a cell; a scaffold for complexing with the at least one endonuclease; a donor
binding site that is at least partially complementary to a donor strand; a flap binding site that is
at least partially identical or complementary to a genomic flap at or adjacent to the genomic

locus; or a combination thereof. In some aspects, the guide nucleic acid can direct the at least
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one endonuclease to cleave at least one strand of the genomic locus. In some aspects, the guide
nucleic acid can be at least partially complementary to the donor strand or at least partially
complementary to a genomic flap (e.g., a genomic nucleic acid sequence that is displaced and
become single-stranded when the guide nucleic acid recruits the endonuclease to the genomic
locus). In some aspects, the guide nucleic acid, being at least partially complementary to the
donor strand or at least partially complementary to a genomic flap, brings the donor strand to
close proximity of the cleaving of the genomic locus. In some aspects, the guide nucleic acid
comprises at least one nucleic acid modification. In some aspect, the at least nucleic acid
modification comprises modifying a backbone, a sugar, a base, or a combination thereof of the
guide nucleic acid. In some aspects, the at least one nucleic acid modification can increase
resistance of the guide nucleic acid to degradation (e.g., against nuclease degradation or
hydrolysis). In some aspects, the at least one nucleic acid modification can increase the
complexing of the guide nucleic acid to the at least one endonuclease. In some aspects, the at
least one nucleic acid modification can increase the complexing of the guide nucleic acid to the
donor strand. In some aspects, the at least one nucleic acid modification can increase the
complexing of the guide nucleic acid to the genomic locus via by being complementary to the
genomic flap.

[00145] In some aspects, the system comprises one, two, three, or more ligase. In some aspects,
the system comprises one ligase. In some aspects, the one ligase is operatively coupled with at
least one endonuclease, where the ligase can ligate at least one end of the donor strand to the
cleaved genomic locus, thus incorporating the donor strand into the genomic locus. In some
aspects, the system comprises two ligases. In some aspects, the two ligases can each be
operatively coupled to a different endonuclease, where the genomic locus is cleaved at two or
more locations. In such scenario, the two ligases can each ligate one end of the donor strand to
the cleaved genomic locus, thus incorporating the donor strand into the genomic locus. In some
aspects, the ligase comprises a ligase that can ligate a substrate comprising DNA. In some
aspects, the ligase comprises a ligase that can ligate a substrate comprising a DNA splint. In
some aspects, the ligase comprises a ligase that can ligate a substrate comprising a DNA/RNA.
In some aspects, the ligase comprises a ligase that can ligate a substrate comprising a RNA
splint. In some aspects, the ligase comprises at least one additional domain. In some aspects, the
at least one additional domain is a dimerization domain. In some aspects, the ligase comprising
a dimerization domain can be dimerized with a endonuclease to form a heterodimer. In some
aspects, the at least one additional domain is a functional domain. For example, the functional
domain can comprises a chromatin modifying domain or a cell penetrating peptide. In some

aspects, the ligase comprises a linker, where the linker can covalently connect the ligase with
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another polypeptide (e.g., the endonuclease). In some aspects, the linker covalently connects the
ligase to the at least one additional domain. In some aspects, the ligase comprises a tag, where
the tag can be used for increasing expression, identifying, or purifying the ligase.

[00146] Disclosed herein are fusion proteins comprising: an RNA-guided endonuclease fused
to a ligase. Table 9 illustrates non-limiting examples of polypeptide and nucleic acid sequences
encoding a fusion polypeptide comprising components (e.g., a endonuclease fused to a ligase)
of a system described herein. SEQ ID NO: 125 illustrates a nucleic acid sequence encoding the
polypeptide sequence of SEQ ID NO: 126, where SEQ ID NO: 126 illustrates a fusion protein
(NLS-nCas9-linker-hLIG1(119-919)-bpNLS) comprising a N-terminus NLS followed by a
endonuclease (nCas9) covalently connected to a ligase (hLIG1, 119-919 fragment) via a linker
followed by a C-terminus NLS. SEQ ID NO: 127 illustrates a nucleic acid sequence encoding
the polypeptide sequence of SEQ ID NO: 128, where SEQ ID NO: 128 illustrates a fusion
protein (NLS-nCas9-linker-hLIG1(233-919)-bpNLS) comprising a N-terminus NLS followed
by a endonuclease (nCas9) covalently connected to a ligase (hLIG1, 233-919 fragment) via a
linker followed by a C-terminus NLS. SEQ ID NO: 129illustrates a nucleic acid sequence
encoding the polypeptide sequence of SEQ ID NO: 130, where SEQ ID NO: 130 illustrates a
fusion protein (NLS-nCas9-linker-SplintR-bpNLS) comprising a N-terminus NLS followed by
a endonuclease (nCas9) covalently connected to a ligase (SplintR) via a linker followed by a C-
terminus NLS. SEQ ID NO: 13 1illustrates a nucleic acid sequence encoding the polypeptide
sequence of SEQ ID NO: 132, where SEQ ID NO: 132 illustrates a fusion protein (NLS-nCas9-
linker-T4LIG-bpNLS) comprising a N-terminus NLS followed by a endonuclease (nCas9)
covalently connected to a ligase (T4LIG) via a linker followed by a C-terminus NLS. SEQ ID
NO: 133 illustrates a nucleic acid sequence encoding a endonuclease (nCas9) comprising a N-
terminus NLS and a leucine zipper (LZ) dimerization domain. SEQ ID NO: 134 illustrates a
fusion protein (NLS1-hFEN1-linker1-nCas9-linker2-T4LIG-NLS2) comprising first NLS
(NLS1) at N-terminus followed by a exonuclease (WFEN1) covalently connected to a
endonuclease (nCas9) via linker1 and further covalently connected to a ligase (T4LIG) via
linker 2 followed by a second NLS (NLS2) at C-terminus. SEQ ID NO: 135 illustrates a fusion
protein (NLS1-hFEN1-linker1-T4LIG-linker2-nCas9-NLS2) comprising a N-terminus NLS1
followed by a exonuclease (hWFEN1) covalently connected to a ligase (T4LIG) via linker 1 and
further covalently connected to a endonuclease (nCas9) via linker 2 followed by a C-terminus
NLS2. SEQ ID NO: 136 illustrates a fusion protein (NLS1-nCas9-linker1-hFEN1-linker2-
T4LIG-NLS2) comprising a N-terminus NLS1 followed by a endonuclease (nCas9) covalently
connected to a exonuclease (WFEN1) via linker 1 and further covalently connected to a ligase

(T4LIG) via linker 2 followed by a C-terminus NLS2. SEQ ID NO: 137 illustrates a fusion
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protein (NLS1-T4LIG-linker1-nCas9-linker2-hFEN1-NLS2) comprising a N-terminus NLS1
followed by a ligase (T4LIG) covalently connected to a endonuclease (nCas9) via linker 1 and
further covalently connected to a exonuclease (WFENT1) via linker 2 followed by a C-terminus
NLS2. SEQ ID NO: 138 illustrates a fusion protein (NLS1-nCas9-linker1-T4LIG-linker2-
hFEN1-NLS2) comprising a N-terminus NLS1 followed by a endonuclease (nCas9) covalently
connected to a ligase (T4ALIG) via linker 1 and further covalently connected to a exonuclease
(hFENT1) via linker 2 followed by a C-terminus NLS2. SEQ ID NO: 139 illustrates a fusion
protein (NLS1-T4LIG-linker1-hFEN1-linker2-nCas9-NLS2) comprising a N-terminus NLS1
followed by a ligase (T4LIG) covalently connected to a exonuclease (hFEN1) via linker 1 and
further covalently connected to a endonuclease (nCas9) via linker 2 followed by a C-terminus
NLS2. SEQ ID NO: 140 illustrates a fusion protein (NLS1-T5 EXO-linker1-nCas9-linker2-
T4LIG-NLS2) comprising a N-terminus NLS1 followed by a exonuclease (EXO) covalently
connected to a endonuclease (nCas9) via linker 1 and further covalently connected to a ligase
(T4LIG) via linker 2 followed by a C-terminus NLS2. SEQ ID NO: 141 illustrates a nucleic
acid sequence encoding a fusion protein (LZ-SplintR-bpNLS) comprising a ligase (SplintR)
fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 142 illustrates a nucleic acid
sequence encoding a fusion protein (LZ-T4LIG-bpNLS) comprising a ligase (TALIG) fused to a
dimerization domain (LZ) and a NLS. SEQ ID NO: 143 illustrates a nucleic acid sequence
encoding a fusion protein (LZ-hLIG 233-919 polypeptide fragment-bpNLS) comprising a ligase
(hLIG) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 144 illustrates a nucleic
acid sequence encoding a fusion protein (LZ-hLIG1 119-919 polypeptide fragment-bpNLS)
comprising a ligase (hLIG) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 145
illustrates a nucleic acid sequence encoding a fusion protein (T4-LZ) comprising a ligase (T4)
fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 146 illustrates a nucleic acid
sequence encoding a fusion protein (LZ-hLIG4(1-620)) comprising a ligase polypeptide
fragment (hL1G4(1-620)) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 147
illustrates a nucleic acid sequence encoding a fusion protein (LZ-nCas9) comprising an
endonuclease (nCas9) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 148
illustrates a nucleic acid sequence encoding a fusion protein (SplintR-LZ) comprising a ligase
(SplintR) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 149 illustrates a nucleic
acid sequence encoding a fusion protein (hLIG4(1-620)-LZ) comprising a ligase polypeptide
fragment (hLIG4(1-620)) fused to a dimerization domain (LZ) and a NLS. SEQ ID NO: 150
illustrates a nucleic acid sequence encoding a fusion protein (nCas9-hLIG4(1-620)) comprising
a ligase polypeptide fragment (hLIG4(1-620)) fused to an endonuclease (nCas9) and a NLS.
SEQ ID NO: 151 illustrates a nucleic acid sequence encoding a fusion protein (T4-nCas9)
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comprising a ligase (T4) fused to an endonuclease (nCas9) and a NLS. SEQ ID NO: 152
illustrates a nucleic acid sequence encoding a fusion protein (SplintR-nCas9) comprising a
ligase (SplintR) fused to an endonuclease (nCas9) and a NLS. SEQ ID NO: 153 illustrates a
nucleic acid sequence encoding a fusion protein (hLIG4(1-620)-nCas9) comprising a ligase
polypeptide fragment (hLIG4(1-620)) fused to an endonuclease (nCas9) and a NLS.

Table 9. Non-limiting examples of fusion protein polypeptide sequence or nucleic acid
sequence encoding the fusion protein

SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

NLS- atgaaacggacagccgacggaagcgagttcgagtcaccaaagaagaageggaaagtcgacaagaagtac 125
nCas9- | agcatcggectggacatcggeaccaactctgtgggctgggccgtgatcaccgacgagtacaaggtgeccag
linker- | caagaaattcaaggtgctgggcaacaccgaccggcacageatcaagaagaacctgatcggagecctgetgtt
hLIG1(1 | cgacagcggegaaacagecgaggecacceggctgaagagaaccgecagaagaagatacaccagacgga
19-919)- | agaaccggatctgctatctgcaagagatcttcagcaacgagatggccaaggtggacgacagettettccacag
bpNLS | actggaagagtccttcctggtggaagaggataagaagcacgageggeaccecatcttcggeaacatcgtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggcetgatctatctggecctggeccacatgatcaagttccggggcecacttcctgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgecageggcegtggacgecaaggecatectgtctgecagactgageaagage
agacggctggaaaatctgatcgeccagetgeccggegagaagaagaatggectgttcggaaacctgattgee
ctgagcctgggcectgaccceecaacttcaagagcaacticgacctggecgaggatgccaaactgecagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttctg
geecgecaagaacctgteccgacgecatectgetgagegacatectgagagtgaacaccgagatcaccaagge
cceectgagegectctatgatcaagagatacgacgagcaccaccaggacctgaccctgetgaaagetctegt
geggceagceagetgectgagaagtacaaagagattttcttcgaccagagcaagaacggetacgecggcetacat
tgacggcggagccagecaggaagagttctacaagttcatcaageccatcctggaaaagatggacggeaccg
aggaactgctcgtgaagctgaacagagaggacctgetgeggaageageggaccttcgacaacggcageat
cceccaccagatccacctgggagagetgeacgecattctgeggeggcaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatcctgaccttccgeatceectactacgtgggecctetggecagggg
aaacagcagattcgectggatgaccagaaagagegaggaaaccatcaccecctggaacttcgaggaagteg
tggacaagggcgcttccgeccagagcttcatcgageggatgaccaacticgataagaacctgeccaacgaga
aggtgctgcccaagceacagcectgetgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaageccgecttectgageggegagcagaaaaaggcecatcgtggacctgetgttca
agaccaaccggaaagtgaccgtgaagcagctgaaagaggactacticaagaaaatcgagtgettcgactecg
tggaaatctccggegtggaagatcggttcaacgectccctgggeacataccacgatctgetgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgacccetgacactgtitg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaageag
ctgaagcggcggagatacaccggetggggcaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagteccgacggettcgecaacagaaacttcatgcagetgatee
acgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggecagggcgatagectgeac
gagcacattgccaatctggecggeagececcgecattaagaagggcatcctgcagacagtgaaggtegtaga
cgagctcgtgaaagtgatgggccggcacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagcecgcgagagaatgaageggatcgaagagggcatcaaagaget
gggcagccagatcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtact
acctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaaccggcetgtecgactacgatgtgg
acgctatcgtgectcagagcetttctgaaggacgactccatcgacaacaaggtgcetgaccagaagegacaaga
accggggcaagagcgacaacgtgecctccgaagaggtcgtgaagaagatgaagaactactggeggeaget
gctgaacgecaagcetgattacccagagaaagticgacaatctgaccaaggecgagagaggcgacctgage
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

gaactggataaggccggcttcatcaagagacagetggtggaaacccggeagatcacaaageacgtggcaca
gatcctggactcccggatgaacactaagtacgacgagaatgacaagetgatccgggaagtgaaagtgatcac
cctgaagtccaagetggtatecgatticcggaaggatttccagttttacaaagtgegegagatcaacaactace
accacgcccacgacgectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcgactacaaggtgtacgacgtgeggaagatgatcgecaagagegageaggaaat
cggcaaggctaccgecaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcgagatccggaageggcectcetgatcgagacaaacggegaaaccggggagategtgtgggataaggg
ccgggattttgecaccgtgeggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtgca
gacaggcggcticagcaaagagtctatcctgeccaagaggaacagegataagetgatcgecagaaagaagg
actgggaccctaagaagtacggcggcttcgacagecccaccgtggectattctgtgctggtggtggccaaagt
ggaaaagggcaagtccaagaaactgaagagtgtgaaagagetgetggggatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatca
agctgcctaagtactcectgttcgagetggaaaacggecggaagagaatgetggcctetgecggegaactge
agaagggaaacgaactggcecctgecctccaaatatgtgaacttectgtacctggecagecactatgagaaget
gaagggctcccccgaggataatgagcagaaacagcetgtttgtggaacagcacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgetgteege
ctacaacaagcaccgggataagcccatcagagagcaggcecgagaatatcatccacctgtttaccctgaccaat
ctgggagececctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccageaccaaaga
ggtactggacgecaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtcetcaget
gggageteacTCCGGCGGAAGCTCTGGTGGCAGCAAGCGGACCGCCGA
CGGCTCTGAATTCGAGAGCCCTAAGAAGAAAAGAAAGGTGAGCG
GAGGCTCTAGCGGCGGAAGCCCGAAGCGCCGGACTGCACGAAAG
CAACTGCCAAAACGGACTATACAAGAAGTCCTGGAAGAACAAAG
CGAAGATGAGGATCGCGAAGCCAAGCGCAAGAAAGAGGAAGAGG
AAGAAGAGACTCCAAAGGAGTCCTTGACCGAAGCAGAAGTCGCA
ACGGAGAAGGAAGGTGAGGATGGGGATCAGCCAACAACCCCGCC
TAAACCTCTGAAAACCTCTAAGGCGGAGACACCAACTGAGAGTGT
CAGCGAACCGGAGGTAGCCACGAAACAAGAGCTTCAGGAGGAAG
AAGAACAGACAAAGCCACCTCGGCGGGCTCCCAAAACCCTTAGCT
CCTTCTTCACGCCTCGAAAGCCAGCAGTGAAGAAAGAAGTGAAGG
AGGAGGAACCTGGCGCCCCTGGAAAGGAGGGCGCAGCCGAGGGC
CCGCTGGACCCTTCAGGGTATAACCCGGCAAAAAATAATTACCAC
CCGGTCGAGGACGCTTGTTGGAAACCAGGCCAAAAGGTACCTTAC
CTCGCCGTCGCTAGGACCTTTGAGAAGATAGAGGAAGTTAGTGCT
AGGTTGAGAATGGTCGAAACCCTTAGTAACCTTCTCAGGTCCGTA
GTCGCCCTTAGTCCCCCAGACCTGCTTCCGGTGCTGTACCTGTCCC
TGAACCATCTCGGTCCCCCCCAACAGGGACTGGAGTTGGGCGTCG
GTGACGGCGTTCTCCTGAAAGCGGTTGCACAAGCTACAGGAAGGC
AACTGGAATCTGTCCGGGCTGAGGCTGCAGAGAAAGGTGACGTGG
GGCTTGTGGCAGAGAATAGTCGGTCAACACAGCGGCTGATGCTGC
CACCGCCCCCGCTTACGGCTAGTGGGGTATTCTCCAAATTTAGAG
ATATAGCACGGCTGACGGGATCAGCTTCCACTGCGAAGAAGATCG
ATATCATTAAGGGTTTGTTCGTGGCTTGCAGGCATTCCGAAGCACG
CTTCATTGCACGCTCCCTTTCAGGGAGACTCAGACTTGGGCTGGCC
GAGCAATCTGTACTGGCGGCCCTGTCTCAGGCGGTGAGCCTTACG
CCGCCCGGGCAAGAGTTCCCTCCTGCGATGGTCGATGCTGGGAAG
GGAAAAACCGCCGAAGCTCGAAAAACATGGCTGGAGGAGCAAGG
AATGATTTTGAAGCAGACGTTCTGTGAAGTACCGGACTTGGATCG
CATCATACCTGTGCTTCTCGAACATGGTTTGGAGCGGCTCCCCGAG
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NO:

CATTGCAAACTCTCTCCGGGCATCCCCCTCAAGCCAATGCTCGCCC
ACCCCACGCGCGGAATCAGTGAGGTACTGAAACGCTTTGAAGAGG
CAGCGTTTACTTGTGAATACAAGTACGATGGCCAAAGGGCACAAA
TTCATGCACTTGAAGGCGGGGAAGTTAAGATATTCAGCAGGAATC
AGGAGGACAACACGGGAAAATATCCTGACATAATATCTCGAATCC
CTAAAATTAAGTTGCCTAGCGTAACCAGCTTCATCCTGGATACCG
AAGCCGTGGCGTGGGATAGGGAGAAAAAGCAAATACAGCCATTT
CAGGTGCTTACAACTAGAAAACGAAAAGAGGTGGACGCTAGTGA
AATCCAAGTCCAGGTATGTCTTTATGCCTTCGATTTGATATACCTT
AATGGTGAGTCCCTTGTACGGGAACCGCTTAGTAGGAGGCGGCAG
TTGCTGAGGGAAAATTTTGTCGAAACTGAGGGAGAGTTTGTATTT
GCAACGTCATTGGATACAAAGGACATAGAACAAATAGCAGAATTT
CTGGAGCAGTCAGTAAAAGACTCCTGCGAGGGCCTGATGGTGAAA
ACTCTTGATGTGGACGCCACTTATGAAATCGCAAAAAGGTCACAC
AATTGGCTGAAACTTAAAAAGGATTACTTGGACGGGGTCGGGGAT
ACCCTCGATCTCGTCGTAATCGGAGCTTATCTCGGTAGGGGGAAG
CGAGCCGGGCGATACGGAGGCTTTCTCTTGGCTAGTTATGACGAA
GATTCCGAAGAGCTGCAGGCCATATGCAAGCTTGGAACGGGTTTC
AGCGATGAGGAATTGGAGGAGCATCATCAGAGCTTGAAGGCACT
GGTGCTCCCCTCTCCTAGGCCGTACGTTAGAATAGACGGAGCAGT
GATACCCGATCATTGGCTCGATCCGTCAGCTGTTTGGGAGGTGAA
GTGTGCAGACCTGTCCCTCTCTCCTATTTACCCTGCAGCACGCGGT
CTGGTTGACTCTGACAAAGGGATTAGCTTGAGGTTCCCTAGATTTA
TTCGGGTGCGCGAAGATAAACAGCCTGAACAGGCGACAACGTCCG
CGCAGGTCGCATGCCTTTATCGAAAACAGAGTCAGATCCAGAATC
AACAAGGAGAAGATTCAGGGAGTGACCCGGAGGACACTTATAGT
GGCGGCTCAAAACGAACCGCCGATAGTCAGCATTCAACACCTCCA
AAAACTAAAAGGAAAGTCGAGTTTGAGCCAAAGAAGAAGCGCAA
AGTCTAA

NLS- MKRTADGSEFESPKKKRKVDKKYSIGLDIGTNSVGWAVITDEYKVPS 126
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK

linker- | NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
hLIG1(1 | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

19-919)- | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
bpNLS | RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYT
DGGASQEEFYKFIKPILEKMDGTEELL VKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKYV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK

DKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMK

QLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
IHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLOQNEKLYLYYLQNGRDMY VDQELDINRLSDYD

VDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYW
ROQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
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NO:

AQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGSPKRRT
ARKQLPKRTIQEVLEEQSEDEDREAKRKKEEEEEETPKESLTEAEVAT
EKEGEDGDQPTTPPKPLKTSKAETPTESVSEPEVATKQELQEEEEQTK
PPRRAPKTLSSFFTPRKPAVKKEVKEEEPGAPGKEGAAEGPLDPSGYN
PAKNNYHPVEDACWKPGQKVPYLAVARTFEKIEEVSARLRMVETLS
NLLRSVVALSPPDLLPVLYLSLNHLGPPQQGLELGVGDGVLLKAVAQ
ATGRQLESVRAEAAEKGDVGLVAENSRSTQRLMLPPPPLTASGVFSK
FRDIARLTGSASTAKKIDIKGLFVACRHSEARFIARSLSGRLRLGLAE
QSVLAALSQAVSLTPPGQEFPPAMVDAGKGKTAEARKTWLEEQGMI
LKQTFCEVPDLDRIIPVLLEHGLERLPEHCKLSPGIPLKPMLAHPTRGIS
EVLKRFEEAAFTCEYKYDGQRAQIHALEGGEVKIFSRNQEDNTGKYP
DIISRIPKIKLPSVTSFILDTEAVAWDREKKQIQPFQVLTTRKRKEVDAS
EIQVQVCLYAFDLIYLNGESLVREPLSRRRQLLRENFVETEGEFVFATS
LDTKDIEQIAEFLEQSVKDSCEGLMVKTLDVDATYEIAKRSHNWLKL
KKDYLDGVGDTLDLVVIGAYLGRGKRAGRYGGFLLASYDEDSEELQ
AICKLGTGFSDEELEEHHQSLKALVLPSPRPYVRIDGAVIPDHWLDPS
AVWEVKCADLSLSPIYPAARGLVDSDKGISLRFPRFIRVREDKQPEQA
TTSAQVACLYRKQSQIQNQQGEDSGSDPEDTYSGGSKRTADSQHSTP
PKTKRKVEFEPKKKRKV*

NLS- atgaaacggacagccgacggaagcegagttcgagtcaccaaagaagaagcggaaagtcgacaagaagtac 127
nCas9- | agcatcggectggacatcggceaccaactctgtgggctgggecgtgatcaccgacgagtacaaggtgeccag

linker- | caagaaattcaaggtgctgggcaacaccgaccggeacageatcaagaagaacctgatcggagecctgetgtt
hLIG1(2 | cgacagcggcgaaacagecgaggecacccggcetgaagagaaccgecagaagaagatacaccagacgga
33-919)- | agaaccggatctgctatctgcaagagatcttcagcaacgagatggecaaggtggacgacagettettccacag
bpNLS | actggaagagtccttcctggtggaagaggataagaageacgageggeaccecatettcggeaacategtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggcetgatetatctggecctggeccacatgatcaagttccggggccacttcctgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgecageggcegtggacgecaaggecatectgtctgecagactgagcaagage
agacggctggaaaatctgatcgeccagetgeccggegagaagaagaatggectgticggaaacctgattgee
ctgagcctgggectgacccccaacticaagagceaacttcgacctggecgaggatgecaaactgeagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttcetg
gccgecaagaacctgtecgacgecatectgetgagegacatcctgagagtgaacaccgagatcaccaagge
cccectgagegectctatgatcaagagatacgacgageaccaccaggacctgaccctgetgaaagetctegt
geggceagcagcetgectgagaagtacaaagagattttcttcgaccagagcaagaacggcetacgecggcetacat
tgacggcggagcecagecaggaagagttctacaagticatcaageccatcctggaaaagatggacggeaccg
aggaactgctcgtgaagctgaacagagaggacctgetgcggaageageggaccttcgacaacggcagceat
cceecaccagatccacctgggagagetgeacgecattctgeggeggcaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatcctgaccttccgceatecectactacgtgggecctetggecagggg
aaacagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgagoaagtog
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tggacaagggcgcttccgeccagagcttcatcgageggatgaccaacticgataagaacctgeccaacgaga
aggtgctgeccaageacagcectgctgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaageccgecticctgageggegagcagaaaaaggecatcgtggacctgetgttca
agaccaaccggaaagtgaccgtgaagcagcetgaaagaggactacttcaagaaaatcgagtgettcgactecg
tggaaatctccggegtggaagateggttcaacgectecctgggeacataccacgatctgetgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgaccctgacactgtttg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaageag
ctgaagcggcggagatacaccggetggggcaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagtccgacggcettcgecaacagaaacttcatgecagetgatce
acgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggecagggcgatagectgeac
gagcacattgccaatctggecggcagecccgecattaagaagggcatcctgecagacagtgaaggtggtoga
cgagctcgtgaaagtgatgggccggcacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagecgcgagagaatgaageggatcgaagagggcatcaaagaget
gggcagccagatcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtact
acctgcagaatgggcgggoatatgtacgtggaccaggaactggacatcaaccggetgtccgactacgatgtgg
acgctatcgtgectcagagcetttctgaaggacgactccatcgacaacaaggtgetgaccagaagegacaaga
accggggcaagagcgacaacgtgccctccgaagaggtegtgaagaagatgaagaactactggeggceaget
gctgaacgecaagetgattacccagagaaagttcgacaatctgaccaaggecgagagaggeggectgage
gaactggataaggccggcttcatcaagagacagetggtggaaacccggeagatcacaaageacgtggcaca
gatcctggactcccggatgaacactaagtacgacgagaatgacaagcetgatccgggaagtgaaagtgatcac
cctgaagtccaagetggtgtecgatticcggaaggatttccagttttacaaagtgegegagatcaacaactace
accacgceccacgacgcectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcegactacaaggtgtacgacgtgcggaagatgatcgecaagagegageaggaaat
cggcaaggctaccgccaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcegagatccggaageggcectctgatcgagacaaacggcegaaaccggggagatcgtgtgggataaggg
ccgggattttgccaccgtgecggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtgca
gacaggcggcticagcaaagagtctatcctgeccaagaggaacagcegataagetgatcgecagaaagaagg
actgggaccctaagaagtacggcggcticgacagecccaccgtggcectattetgtgetggtgetgoccaaagt
ggaaaagggcaagtccaagaaactgaagagtgtgaaagagcetgetggggatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatca
agctgcctaagtactcectgttcgagetggaaaacggecggaagagaatgctggcctetgecggegaactge
agaagggaaacgaactggecctgecctccaaatatgtgaacttectgtacctggecagecactatgagaaget
gaagggctcccccgaggataatgagecagaaacagcetgtttgtggaacagcacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggecgacgctaatctggacaaagtgetgteege
ctacaacaagcaccgggataagcccatcagagagcaggecgagaatatcatccacctgtttacecctgaccaat
ctgggageccctgecgecticaagtactttgacaccaccatcgaccggaagaggtacaccageaccaaaga
ggtactggacgecaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtctcaget
gggagetgacTCCGGCGGAAGCTCTGGTGGCAGCAAGCGGACCGCCGA
CGGCTCTGAATTCGAGAGCCCTAAGAAGAAAAGAAAGGTGAGCG
GAGGCTCTAGCGGCGGAAGCACACCCAGGAAACCAGCCGTGAAA
AAAGAGGTTAAAGAAGAGGAACCTGGGGCTCCGGGAAAGGAGGG
AGCAGCGGAAGGTCCGCTCGACCCTTCAGGATACAACCCAGCCAA
AAACAACTACCACCCCGTAGAGGATGCTTGCTGGAAGCCAGGCCA
AAAGGTGCCCTATTTGGCCGTTGCTAGGACTTTCGAAAAAATTGA
GGAGGTGAGCGCGCGACTCAGAATGGTAGAGACTCTGTCTAACCT
CCTTCGCTCCGTAGTGGCTCTTTCACCTCCAGATCTTCTTCCAGTGC
TGTACCTGAGCCTGAACCACTTGGGCCCTCCCCAGCAGGGACTGG
AACTGGGCGTAGGGGACGGAGTATTGCTGAAGGCTGTTGCTCAGG
CAACCGGACGACAGCTCGAGTCTGTGCGAGCAGAAGCTGCAGAA
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AAGGGGGACGTCGGGTTGGTTGCCGAAAATTCAAGATCTACCCAA
CGATTGATGTTGCCACCGCCGCCTCTGACTGCGTCAGGTGTATTCT
CCAAGTTCCGGGATATTGCCAGGCTTACGGGTAGCGCTTCCACTG
CTAAAAAGATCGACATAATAAAAGGTCTGTTCGTCGCTTGTCGCC
ATTCAGAGGCGAGGTTTATAGCCAGATCCCTTTCCGGACGACTTC
GACTCGGCTTGGCTGAGCAGTCAGTACTGGCAGCTTTGTCTCAAG
CTGTATCACTCACGCCCCCCGGACAAGAATTTCCACCCGCCATGGT
TGACGCAGGCAAGGGTAAGACTGCTGAGGCAAGAAAGACGTGGC
TGGAGGAACAAGGTATGATACTTAAACAAACGTTTTGCGAAGTTC
CGGACTTGGACCGGATCATACCTGTGTTGCTGGAGCACGGCCTCG
AGCGCTTGCCCGAACACTGTAAACTGTCTCCAGGAATACCTCTCA
AACCCATGTTGGCTCATCCTACGAGGGGAATCTCAGAGGTACTTA
AACGGTTTGAAGAAGCCGCTTTCACGTGCGAATACAAGTATGATG
GTCAGAGAGCGCAAATCCACGCATTGGAAGGGGGTGAGGTAAAG
ATTTTTTCAAGGAATCAGGAGGACAATACAGGGAAGTACCCCGAT
ATCATCAGTCGGATTCCTAAAATTAAGCTTCCATCAGTCACGTCCT
TCATACTGGACACTGAGGCAGTGGCTTGGGACCGAGAGAAGAAG
CAGATACAACCCTTTCAGGTACTTACAACCAGAAAGCGCAAGGAA
GTCGACGCTTCTGAGATTCAAGTACAAGTCTGCCTTTATGCGTTTG
ACCTGATCTATCTTAATGGAGAGAGTTTGGTGAGAGAACCCTTGA
GCAGACGACGGCAGCTCTTGAGAGAAAATTTCGTAGAAACTGAGG
GGGAGTTCGTCTTTGCGACTAGTCTCGACACCAAAGACATTGAGC
AAATCGCGGAATTCCTCGAACAGTCAGTTAAAGACTCCTGCGAAG
GTCTGATGGTTAAGACTCTTGACGTGGATGCTACCTACGAGATAG
CTAAGCGGTCACACAATTGGCTGAAACTGAAAAAGGACTATCTGG
ATGGAGTTGGGGACACGCTGGATTTGGTCGTTATCGGGGCCTATC
TGGGACGCGGTAAGCGGGCAGGGAGATATGGTGGATTCCTCCTCG
CTTCATACGATGAGGACTCTGAAGAGCTGCAGGCTATATGCAAAC
TTGGGACGGGTTTTTCCGATGAAGAATTGGAGGAACATCATCAGT
CACTGAAGGCCCTTGTATTGCCAAGTCCACGCCCATACGTACGAA
TCGATGGAGCAGTAATCCCTGACCACTGGCTTGACCCGTCCGCCG
TCTGGGAAGTAAAGTGCGCGGATCTCTCTCTCAGTCCGATCTACCC
AGCCGCACGGGGGCTGGTTGACAGTGACAAGGGTATCAGCCTGCG
ATTTCCTCGATTCATACGCGTCCGGGAAGACAAGCAACCGGAACA
GGCTACGACCTCTGCACAGGTCGCATGTTTGTATAGAAAACAGAG
CCAAATTCAGAATCAACAAGGCGAAGACAGTGGGTCCGATCCTGA
AGATACCTACTCAGGCGGCAGTAAACGGACAGCTGATAGCCAACA
CTCAACTCCTCCGAAGACTAAAAGGAAGGTAGAGTTCGAACCAAA
AAAGAAAAGGAAAGTGTAA

NLS- MKRTADGSEFESPKKKRKVDKKYSIGLDIGTNSVGWAVITDEYKVPS 128
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK

linker- | NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
hLIG1(2 | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
33-919)- | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
bpNLS | RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYI
DGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
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RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK
DKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK VMK
QLKRRRYTGWGRLSRKLINGIRDKQSGK TILDFLKSDGFANRNFMQL
[HDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYD
VDAIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMKNYW
RQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
AQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQF YK VREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAK GYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGSTPRKP
AVKKEVKEEEPGAPGKEGAAEGPLDPSGYNPAKNNYHPVEDACWKP
GQKVPYLAVARTFEKIEEVSARLRMVETLSNLLRSVVALSPPDLLPVL
YLSLNHLGPPQQGLELGVGDGVLLKAVAQATGRQLESVRAEAAEKG
DVGLVAENSRSTQRLMLPPPPLTASGVFSKFRDIARLTGSASTAKKIDI
IKGLFVACRHSEARFIARSLSGRLRLGLAEQSVLAALSQAVSLTPPGQ
EFPPAMVDAGKGKTAEARKTWLEEQGMILKQTFCEVPDLDRIIPVLL
EHGLERLPEHCKLSPGIPLKPMLAHPTRGISEVLKRFEEAAFTCEYKY
DGQRAQIHALEGGEVKIFSRNQEDNTGK YPDIISRIPKIKLPSVTSFILD
TEAVAWDREKKQIQPFQVLTTRKRKEVDASEIQVQVCLYAFDLIYLN
GESLVREPLSRRRQLLRENFVETEGEFVFATSLDTKDIEQIAEFLEQSV
KDSCEGLMVKTLDVDATYEIAKRSHNWLKLKKDYLDGVGDTLDLV
VIGAYLGRGKRAGRYGGFLLASYDEDSEELQAICKLGTGFSDEELEE
HHQSLKALVLPSPRPYVRIDGAVIPDHWLDPSAVWEVKCADLSLSPIY
PAARGLVDSDKGISLRFPRFIRVREDKQPEQATTSAQVACLYRKQSQI
QNQQGEDSGSDPEDTY SGGSKRTADSQHSTPPK TKRK VEFEPKKKRK
V*

NLS- atgaaacggacagccgacggaagcegagttcgagtcaccaaagaagaageggaaagtcgacaagaagtac 129
nCas9- | agcatcggcectggacatcggcaccaactetgtgggcetgggecgtgatcaccgacgagtacaaggtgeccag
linker- | caagaaattcaaggtgctgggcaacaccgaccggeacageatcaagaagaacctgatcggageectgetgtt
SplintR- | cgacagcggegaaacagecgaggecacccggetgaagagaaccgecagaagaagatacaccagacgga
bpNLS | agaaccggatctgctatctgcaagagatcttcagcaacgagatggecaaggtggacgacagettcttccacag
actggaagagtccttcctggtggaagaggataagaagcacgageggeaccccatcticggeaacatcgtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggctgatctatctggecctggeccacatgatcaagtticcggggecacttectgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgccageggcgtggacgecaaggecatectgtetgecagactgagcaagage
agacggctggaaaatctgatcgeccagetgeccggcgagaagaagaatggectgticggaaacctgattgee
ctgagcctgggcectgacccecaacttcaagageaacttcgacctggecgaggatgcecaaactgeagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttctg
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geegecaagaacctgteccgacgecatectgctgagegacatectgagagtgaacaccgagatcaccaagge
cceectgagegectcetatgatcaagagatacgacgageaccaccaggacctgaccctgetgaaagetcetegt
geggceagceagetgectgagaagtacaaagagattttcttcgaccagagcaagaacggetacgecggcetacat
tgacggcggagcecagecaggaagagttctacaagttcatcaageccatcctggaaaagatggacggeaccg
aggaactgctcgtgaagctgaacagagaggacctgetgeggaageageggaccttcgacaacggcagceat
cceecaccagatccacctgggagagetgeacgecattctgeggeggcaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatcctgaccttccgeatccectactacgtgggecctetggecaggeg
aaacagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaactticgaggaagtgg
tggacaagggcgcettccgeccagagcettcatcgageggatgaccaacttcgataagaacctgeccaacgaga
aggtgctgcccaagcacagcectgctgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaagceccgecticctgageggegagcagaaaaaggecatcgtggacctgetgttca
agaccaaccggaaagtgaccgtgaagcagctgaaagaggactacttcaagaaaatcgagtgettcgactecg
tggaaatctccggegtggaagatcggttcaacgectccctgggeacataccacgatetgetgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgaccctgacactgtttg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaageag
ctgaagcggceggagatacaccggctggggcaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagteccgacggettcgecaacagaaacttcatgecagetgatee
acgacgacagcctgacctttaaagaggacatccagaaagcccaggtgteccggecagggcgatagectgeac
gagcacattgccaatctggecggeagececcgecattaagaagggeatcctgcagacagtgaaggtegtgga
cgagctcgtgaaagtgatgggccggeacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagccgcgagagaatgaageggatcgaagagggcatcaaagaget
gggcagccagatcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtact
acctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaaccggcetgtccgactacgatgteg
acgctatcgtgectcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagegacaaga
accggggcaagagcegacaacgtgccctccgaagaggtcgtgaagaagatgaagaactactggeggeaget
gctgaacgccaagcetgattacccagagaaagttcgacaatctgaccaaggecgagagaggeggcectgage
gaactggataaggccggcticatcaagagacagetggtggaaacccggcagatcacaaageacgtggeaca
gatcctggactcccggatgaacactaagtacgacgagaatgacaagcetgatccgggaagtgaaagtgatcac
cctgaagtccaagetggtatecgatticcggaaggatttccagttttacaaagtgegegagatcaacaactace
accacgcccacgacgectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcgactacaaggtgtacgacgtgeggaagatgatcgecaagagegagecaggaaat
cggcaaggctaccgecaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcgagatccggaageggcectetgatcgagacaaacggcgaaaccggggagategtgtegooataaggg
ccgggattttgccaccgtgecggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtaca
gacaggcggcttcagcaaagagtctatcctgeccaagaggaacagcegataagetgatcgecagaaagaagg
actgggaccctaagaagtacggcggcticgacagecccaccgtggectattetgtgctggtggtggccaaagt
ggaaaagggcaagtccaagaaactgaagagtgtgaaagagetgetggggatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatca
agctgcctaagtactecctgtticgagetggaaaacggecggaagagaatgetggectetgecggegaactge
agaagggaaacgaactggccctgecctccaaatatgtgaacttcctgtacctggecagecactatgagaagct
gaagggctccecccgaggataatgagcagaaacagcetgtitgtggaacagcacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggecgacgctaatctggacaaagtgctgtecge
ctacaacaagcaccgggataagcccatcagagagcaggcecgagaatatcatccacctgtttaccctgaccaat
ctgggageecctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccageaccaaaga
ggtactggacgecaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtcetcagcet
gggageteacTCCGGCGGAAGCTCTGGTGGCAGCAAGCGGACCGCCGA
CGGCTCTGAATTCGAGAGCCCTAAGAAGAAAAGAAAGGTGAGCG
GAGGCTCTAGCGGCGGAAGCATGGCAATCACTAAGCCCCTCTTGG
CGGCGACTTTGGAAAACATCGAGGATGTGCAATTCCCGTGCCTTG
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CCACACCAAAGATAGACGGGATCCGATCAGTGAAGCAAACGCAG
ATGCTCTCTAGAACGTTCAAGCCTATTAGAAACTCAGTGATGAAT
CGGCTCTTGACTGAGCTGTTGCCGGAAGGCAGCGATGGGGAAATA
TCTATCGAGGGAGCCACATTTCAAGACACTACGAGCGCCGTAATG
ACTGGACATAAGATGTATAATGCTAAATTCTCCTACTATTGGTTTG
ACTATGTCACTGATGACCCTCTTAAGAAATATATAGACCGAGTGG
AGGATATGAAAAATTATATTACTGTACACCCGCATATTCTGGAAC
ATGCCCAAGTTAAGATTATTCCTCTCATTCCCGTCGAGATTAATAA
TATCACAGAACTGCTTCAGTATGAGCGCGACGTATTGTCCAAAGG
CTTTGAAGGGGTTATGATACGCAAACCGGACGGCAAGTACAAGTT
CGGAAGAAGCACATTGAAAGAGGGTATATTGCTGAAGATGAAGC
AGTTTAAGGATGCTGAGGCAACAATAATCAGCATGACAGCACTTT
TTAAAAATACCAACACGAAAACTAAGGACAATTTTGGTTATAGTA
AGCGGTCAACGCACAAAAGTGGGAAGGTAGAAGAAGACGTAATG
GGTAGCATTGAGGTGGATTATGACGGGGTGGTTTTCAGCATAGGG
ACTGGGTTTGATGCAGATCAACGGAGGGACTTTTGGCAGAACAAA
GAATCATATATAGGCAAAATGGTAAAGTTCAAATACTTCGAAATG
GGAAGTAAAGACTGCCCCAGATTCCCTGTATTCATTGGCATCAGG
CACGAGGAGGACAGGAGTGGGGGATCAAAGCGGACTGCTGATAG
TCAGCATAGTACTCCACCCAAGACCAAGCGGAAAGTTGAGTTTGA
GCCGAAGAAAAAGCGAAAAGTGTAA

NLS- | MKRTADGSEFESPKKKRKVDKKYSIGLDIGTNSVGWAVITDEYKVPS | 130
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
linker- | NRICYLQEIFSNEMAK VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
SplintR- | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
bpNLS | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKNGYAGYI
DGGASQEEFYKFIKPILEKMDGTEELL VKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK
DKDFLDNEENEDILEDIVL TLTLFEDREMIEERLKTY AHLFDDK VMK
QLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
[HDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYD
VDAIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMKNYW
RQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
AQILDSRMNTK YDENDKLIREVK VITLK SKLVSDFRKDFQF YK VREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAK GYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENTI
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HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGSMAITK
PLLAATLENIEDVQFPCLATPKIDGIRSVKQTQMLSRTFKPIRNSVMNR
LLTELLPEGSDGEISIEGATFQDTTSAVMTGHKMYNAKFSYYWFDYV
TDDPLKKYIDRVEDMKNYITVHPHILEHAQVKIIPLIPVEINNITELLQY
ERDVLSKGFEGVMIRKPDGKYKFGRSTLKEGILLKMKQFKDAEATIIS
MTALFKNTNTKTKDNFGYSKRSTHKSGKVEEDVMGSIEVDYDGV VF
SIGTGFDADQRRDFWQNKESYIGKMVKFKYFEMGSKDCPRFPVFIGI
RHEEDRSGGSKRTADSQHSTPPKTKRKVEFEPKKKRKV*

NLS- atgaaacggacagccgacggaagcegagttcgagtcaccaaagaagaagcggaaagtcgacaagaagtac 131
nCas9- | agcatcggectggacatcggceaccaactctgtgggcetgggecgtgatcaccgacgagtacaaggtgeccag
linker- caagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagecctgetgtt
T4LIG- | cgacagcggegaaacagecgaggecacceggetgaagagaaccgecagaagaagatacaccagacgga
bpNLS | agaaccggatctgctatctgcaagagatcttcagcaacgagatggccaaggtggacgacagcettcttccacag
actggaagagtccttcctggtggaagaggataagaagcacgageggceaccecatcttcggcaacatcgtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggcetgatetatctggecctggeccacatgatcaagttccggggccacttcctgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgecageggcgtggacgecaaggecatectgtetgeccagactgagcaagage
agacggctggaaaatctgatcgeccagetgeccggcegagaagaagaatggectgticggaaacctgattgee
ctgagcctgggcectgacceecaacticaagagcaacttcgacctggecgaggatgecaaactgeagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttetg
geegecaagaacctgteccgacgecatectgctgagegacatectgagagtgaacaccgagatcaccaagge
cceectgagegectctatgatcaagagatacgacgageaccaccaggacctgaccctgetgaaagetctegt
geggceagcagcetgectgagaagtacaaagagattttcttcgaccagagcaagaacggetacgecggcetacat
tgacggcggagcecagecaggaagagttctacaagttcatcaageccatcctggaaaagatggacggcaccg
aggaactgctcgtgaagctgaacagagaggacctgctgeggaageageggaccttcgacaacggeagceat
cccccaccagatccacctgggagagetgeacgecattetgeggeggcaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatcctgaccttccgeatccectactacgtgggecctetggecagggg
aaacagcagattcgectggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtgg
tggacaagggcgcttccgeccagagcttcatcgageggatgaccaacttcgataagaacctgeccaacgaga
aggtgctgeccaagcacagcectgctgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaagcccgecttcctgageggegagcagaaaaaggccatcgtggacctgetgttca
agaccaaccggaaagtgaccgtgaagcagctgaaagaggactacttcaagaaaatcgagtgettcgactecg
tggaaatctccggegtggaagatcggttcaacgectecctgggeacataccacgatctgetgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgacectgacactgtttg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaageag
ctgaagcggceggagatacaccggetggggcaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagtccgacggeticgecaacagaaacttcatgecagetgatee
acgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggecagggcgatagectgeac
gagcacattgccaatctggecggeagececcgecattaagaagggcatcectgcagacagtgaaggtegtgga
cgagctcgtgaaagtgatgggccggcacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagecgegagagaatgaageggatcgaagagggcatcaaagaget
gggcagccagatcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtact
acctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaaccggetgtccgactacgatgtgg
acgctatcgtgectcagagcetttctgaaggacgactccatcgacaacaaggtgetgaccagaagegacaaga
accggggcaagagcgacaacgtgecctccgaagaggtcgtgaagaagatgaagaactactggeggceaget
gctgaacgecaagcetgattacccagagaaagttcgacaatctgaccaaggecgagagaggcggcctgage
gaactggataagoccggcticatcaagagacagctggtogaaacccggcagatcacaaageacgtggcaca
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gatcctggactcccggatgaacactaagtacgacgagaatgacaagcetgatccgggaagtgaaagtgatcac
cctgaagtccaagetggtatecgatticcggaaggatttccagttttacaaagtgegegagatcaacaactace
accacgcccacgacgectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcgactacaaggtgtacgacgtgeggaagatgatcgecaagagegagcaggaaat
cggcaaggctaccgcecaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcgagatccggaageggcectcetgatcgagacaaacggegaaaccggggagategtgtgggataaggg
ccgggattttgccaccgtgcggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtgca
gacaggcggcticagcaaagagtctatcctgeccaagaggaacagcegataagetgatcgecagaaagaagg
actgggaccctaagaagtacggeggcttcgacagecccaccgtggectatictgtgctggtggteggccaaagt
ggaaaagggcaagtccaagaaactgaagagtgtgaaagagetgetggggoatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagecaagggctacaaagaagtgaaaaaggacctgatcatca
agctgcctaagtactcectgttcgagetggaaaacggecggaagagaatgetggcctetgecggegaactge
agaagggaaacgaactggcecctgecctccaaatatgtgaacttectgtacctggecagecactatgagaaget
gaagggctcccccgaggataatgagcagaaacagcetgtttgtggaacagcacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgetgtecege
ctacaacaagcaccgggataagcccatcagagagcaggcecgagaatatcatccacctgtttaccctgaccaat
ctgggagececctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccageaccaaaga
ggtactggacgecaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtetcaget
gggagetgacTCCGGCGGAAGCTCTGGTGGCAGCAAGCGGACCGCCGA
CGGCTCTGAATTCGAGAGCCCTAAGAAGAAAAGAAAGGTGAGCG
GAGGCTCTAGCGGCGGAAGCATGATTCTTAAAATTCTTAACGAGA
TTGCGAGTATTGGCAGCACGAAACAAAAGCAGGCCATATTGGAAA
AGAATAAGGACAATGAGTTGCTTAAACGCGTGTATAGGCTCACTT
ACTCTCGCGGACTGCAATACTATATTAAAAAATGGCCTAAGCCCG
GCATCGCTACTCAAAGCTTCGGAATGCTTACGCTGACAGATATGC
TCGACTTCATCGAGTTTACTCTCGCAACAAGGAAGTTGACTGGCA
ACGCCGCGATTGAAGAATTGACGGGTTATATCACGGACGGGAAGA
AGGATGATGTTGAGGTGCTGAGGCGCGTTATGATGCGCGACCTCG
AATGTGGTGCCTCAGTTTCCATAGCCAATAAAGTTTGGCCAGGCTT
GATCCCGGAGCAGCCACAGATGCTGGCCAGTAGCTACGACGAGA
AGGGTATTAACAAAAATATCAAGTTTCCAGCGTTTGCACAACTTA
AAGCGGATGGGGCGCGGTGTTTCGCCGAAGTCCGGGGTGACGAAT
TGGACGATGTGCGCCTTCTGAGTCGCGCAGGAAATGAATATCTGG
GGCTTGACCTCTTGAAGGAGGAGCTGATTAAGATGACAGCAGAAG
CCAGGCAGATCCATCCAGAGGGGGTACTTATTGATGGTGAACTCG
TATACCATGAGCAGGTTAAGAAGGAGCCAGAGGGTTTGGATTTCC
TCTTTGACGCCTATCCCGAGAATTCAAAGGCAAAGGAGTTCGCCG
AGGTTGCAGAATCAAGAACGGCTTCCAACGGCATAGCGAATAAAT
CACTCAAAGGAACTATATCTGAAAAGGAGGCACAGTGTATGAAAT
TCCAAGTGTGGGACTATGTGCCGCTTGTCGAGATTTACAGCTTGCC
TGCTTTCCGATTGAAGTACGATGTACGGTTTAGTAAGCTCGAGCA
AATGACTTCAGGTTACGATAAAGTCATCTTGATTGAGAACCAGGT
CGTTAATAATCTTGACGAGGCGAAGGTCATATATAAGAAATATAT
AGATCAAGGGCTCGAGGGTATCATTCTGAAGAATATAGATGGCTT
GTGGGAAAACGCCAGGTCCAAAAACCTGTATAAGTTTAAGGAAGT
AATAGATGTAGATTTGAAAATAGTTGGAATTTACCCCCATCGGAA
GGACCCCACGAAAGCGGGTGGGTTTATCCTCGAGAGCGAGTGTGG
GAAGATAAAAGTGAATGCCGGCTCCGGATTGAAGGACAAGGCAG
GTGTGAAAAGTCATGAGCTCGATCGGACGAGAATAATGGAAAAC
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CAGAATTACTACATTGGAAAGATTTTGGAATGCGAGTGTAACGGC
TGGTTGAAGAGCGACGGACGCACCGATTACGTGAAACTCTTTCTG
CCAATTGCAATCAGGTTGAGAGAGGATAAGACTAAGGCCAATACT
TTCGAGGACGTCTTCGGAGACTTTCACGAAGTCACTGGGCTTTCTG
GGGGTAGTAAGAGAACTGCAGATAGCCAGCATTCAACGCCGCCA
AAAACAAAGCGAAAGGTAGAATTCGAACCAAAGAAAAAGCGGAA
AGTATAA

NLS- MKRTADGSEFESPKKKRKVDKKYSIGLDIGTNSVGWAVITDEYKVPS 132
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
linker- | NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
T4L1G- | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
bpNLS | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYI
DGGASQEEFYKFIKPILEKMDGTEELL VKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKYV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK
DKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMK
QLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
THDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLOQNEKLYLYYLQNGRDMY VDQELDINRLSDYD
VDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYW
ROQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
AQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGSMILKI
LNEIASIGSTKQKQAILEKNKDNELLKRVYRLTYSRGLQYYIKKWPKP
GIATQSFGMLTLTDMLDFIEFTLATRKLTGNAAIEELTGYITDGKKDD
VEVLRRVMMRDLECGASVSIANKVWPGLIPEQPQMLASSYDEKGIN
KNIKFPAFAQLKADGARCFAEVRGDELDDVRLLSRAGNEYLGLDLL
KEELIKMTAEARQIHPEGVLIDGELVYHEQVKKEPEGLDFLFDAYPEN
SKAKEFAEVAESRTASNGIANKSLKGTISEKEAQCMKFQVWDYVPLV
EIYSLPAFRLKYDVRFSKLEQMTSGYDKVILIENQVVNNLDEAKVIYK
KYIDQGLEGIHLKNIDGLWENARSKNLYKFKEVIDVDLKIVGIYPHRK
DPTKAGGFILESECGKIKVNAGSGLKDKAGVKSHELDRTRIMENQNY
YIGKILECECNGWLKSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFG
DFHEVTGLSGGSKRTADSQHSTPPKTKRKVEFEPKKKRKV*
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NLS- atgaaacggacagccgacggaagcgagttcgagtcaccaaagaagaagcggaaagtcgacaagaagtac 133
nCas9- | agcatcggectggacatcggeaccaactctgtgggcteggccgtgatcaccgacgagtacaaggtgeccag
Lz caagaaattcaaggtgctgggcaacaccgaccggcacageatcaagaagaacctgatcggagecctgetgtt
cgacagcggcegaaacagecgaggccacccggctgaagagaaccgecagaagaagatacaccagacgga
agaaccggatctgctatctgcaagagatcttcagcaacgagatggccaaggtggacgacagcettcttccacag
actggaagagtccttectggtggaagaggataagaageacgageggceaccecatcttcggeaacatcgtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggcetgatctatctggecctggeccacatgatcaagttccggggcecacttcctgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgecageggcegtggacgecaaggecatectgtctgecagactgagcaagage
agacggctggaaaatctgatcgeccagetgeccggegagaagaagaatggectgticggaaacctgattgee
ctgagcctgggcectgacceccaacttcaagagcaacticgacctggecgaggatgccaaactgecagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttctg
geecgecaagaacctgtecgacgecatectgetgagegacatectgagagtgaacaccgagatcaccaagge
cceectgagegectctatgatcaagagatacgacgageaccaccaggacctgaccctgetgaaagetctegt
geggceagceagetgectgagaagtacaaagagattttcttcgaccagagcaagaacggetacgecggcetacat
tgacggcggagcecagecaggaagagttctacaagticatcaageccatcctggaaaagatggacggeaccg
aggaactgctcgtgaagctgaacagagaggacctgetgcggaageageggaccttcgacaacggcagceat
cceccaccagatccacctgggagagetgeacgecattctgeggeggcaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatcctgaccttccgeatccectactacgtgggecctetggecagggg
aaacagcagattcgectggatgaccagaaagagcgaggaaaccatcaccecctggaacttcgaggaagteg
tggacaagggcgcttccgeccagagcttcatcgageggatgaccaacticgataagaacctgeccaacgaga
aggtgctgeccaageacagcectgctgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaagceccgecticctgageggegageagaaaaaggecategtggacctgetgttca
agaccaaccggaaagtgaccgtgaagcagcetgaaagaggactacttcaagaaaatcgagtgettcgactecg
tggaaatctccggcegtggaagatcggttcaacgectccctgggeacataccacgatctgetgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgaccctgacactgttg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaageag
ctgaagcggcggagatacaccggetggggcaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagteccgacggcttcgecaacagaaacttcatgecagcetgatee
acgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggecagggcgatagectgeac
gagcacattgccaatctggecggeagecccgecattaagaagggcatcctgcagacagtgaaggtegtoga
cgagctcgtgaaagtgatgggccggcacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagcecgcegagagaatgaageggatcgaagagggcatcaaagaget
gggcagccagatcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtact
acctgcagaatgggcgggatatgtacgtggaccaggaactggacatcaaccggetgteccgactacgatgtgg
acgctatcgtgectcagagcetttictgaaggacgactecatcgacaacaaggtgetgaccagaagegacaaga
accggggcaagagcgacaacgtgecctccgaagaggtcgtgaagaagatgaagaactactggeggeaget
gctgaacgccaagcetgattacccagagaaagttcgacaatctgaccaaggecgagagaggeggectgage
gaactggataaggccggcticatcaagagacagetggtggaaacccggeagatcacaaageacgtggeaca
gatcctggactcccggatgaacactaagtacgacgagaatgacaagcetgatccgggaagtgaaagtgatcac
cctgaagtccaagetggtgtecgatttccggaaggatttccagtittacaaagtgegegagatcaacaactace
accacgcccacgacgcectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcgactacaaggtgtacgacgtgeggaagatgatcgecaagagegageaggaaat
cggcaaggctaccgecaagtacttcttictacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcgagatccggaageggcectetgatcgagacaaacggcegaaaccggggagategtgtgogataaggg
ccgggattttgccaccgtgecggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtaca
gacaggcggcticagcaaagagtctatcctgeccaagaggaacagcegataagetgatcgecagaaagaagg
actgggaccctaagaagtacggcggcticgacagecccaccgtggcctattetgtgetgetootooccaaagt

-87-




WO 2023/086834 PCT/US2022/079567

SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

ggaaaagggcaagtccaagaaactgaagagtgtgaaagagetgetggggoatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatca
agctgcctaagtactcectgttcgagetggaaaacggecggaagagaatgctggcctetgeecggegaactge
agaagggaaacgaactggccctgecctccaaatatgtgaacttectgtacctggecagecactatgagaaget
gaagggctcccccgaggataatgagcagaaacagctgtttgtggaacageacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggecgacgcetaatctggacaaagtgetgteege
ctacaacaagcaccgggataagcccatcagagagcaggcecgagaatatcatccacctgtttaccctgaccaat
ctgggagcececctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccageaccaaaga
ggtgctggacgccaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtctcaget
gggaggtgacggctcaaaaagaaccgecgacggeagegaattcgageccaagaagaagaggaaagteG
GAGGAGGAGGCAGTGGTGGGCGACTTGAAATTAGAGCCGCGTTCC
TGCGCCAGAGGAATACGGCTCTCCGCACGGAGGTAGCCGAACTTG
AGCAAGAAGTACAGAGATTGGAGAACGAGGTTTCACAGTATGAG
ACACGATATGGCCCCCTTGGCGGCGGAAAGtaa

NLS1- | KRTADGSEFESPKKKRKVMGIQGLAKLIADVAPSAIRENDIKSYFGRK | 134
hFEN1- | VAIDASMSIYQFLIAVRQGGDVLQNEEGETTSHLMGMFYRTIRMMEN
linkerl- | GIKPVYVFDGKPPQLKSGELAKRSERRAEAEKQLQQAQAAGAEQEV
nCas9- | EKFTKRLVKVTKQHNDECKHLLSLMGIPYLDAPSEAEASCAALVKA
linker2- | GKVYAAATEDMDCLTFGSPVLMRHLTASEAKKLPIQEFHLSRILQEL
T4LIG- | GLNQEQFVDLCILLGSDYCESIRGIGPKRA VDLIQKHKSIEEIVRRLDP
NLS2 | NKYPVPENWLHKEAHQLFLEPEVLDPESVELKWSEPNEEELIKFMCG
EKQFSEERIRSGVKRLSKSRQGSTQGRLDDFFKVTGSLSSAKRKEPEP
KGSTKKKAKTGAAGKFKRGK SGGSSGGSSGSETPGTSESATPESSGG
SSGGSSMDKK YSIGLDIGTNSVGWAVITDEYK VPSKKFKVLGNTDRH
SIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNE
MAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEK YPTIYH
LRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKL
FIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEK
KNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFI
KPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILR
RQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI
TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTV
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKE
DYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI
LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRL
SRKLINGIRDKQSGK TILDFLK SDGFANRNFMQLIHDDSLTFKEDIQK
AQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK VMGRHKPE
NIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQ
LQNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDAIVPQSFLKDDSI
DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYD
ENDKLIREVK VITLKSKLVSDFRKDFQFYK VREINNYHHAHDAYLNA
VVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFF
YSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKV
LSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGG
FDSPTVAYSVLVVAK VEKGKSKKLKSVKELLGITIMERSSFEKNPIDF
LEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELAL

-88-




WO 2023/086834 PCT/US2022/079567

SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

PSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEF
SKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAF
KYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGSS
GGSKRTADGSEFESPKKKRKVSGGSSGGSMILKILNEIASIGSTKQKQ
AILEKNKDNELLKRVYRLTYSRGLQY YIKKWPKPGIATQSFGMLTLT
DMLDFIEFTLATRKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRDL
ECGASVSIANKVWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKAD
GARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQIH
PEGVLIDGELVYHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESRT
ASNGIANKSLKGTISEKEAQCMKFQVWDY VPLVEIYSLPAFRLKYDV
RFSKLEQMTSGYDKVILIENQVVNNLDEAKVIYKKYIDQGLEGIILKNI
DGLWENARSKNLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECG
KIKVNAGSGLKDKAGVKSHELDRTRIMENQNY YIGKILECECNGWL
KSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFGDFHEVTGLSGGSKR
TADSQHSTPPKTKRKVEFEPKKKRKV

NLS1- | KRTADGSEFESPKKKRKVMILKILNEIASIGSTKQKQAILEKNKDNELL | 135
hFENI- | KRVYRLTYSRGLQYYIKKWPKPGIATQSFGMLTLTDMLDFIEFTLAT
linkerl- | RKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRDLECGASVSIANK
T4LIG- | VWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKADGARCFAEVRG
linker2- | DELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQIHPEGVLIDGELV
nCas9- | YHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESRTASNGIANKSLK
NLS2 | GTISEKEAQCMKFQVWDY VPLVEIYSLPAFRLKYDVRFSKLEQMTSG
YDKVILIENQVVNNLDEAKVIYKK YIDQGLEGIILKNIDGLWENARSK
NLYKFKEVIDVDLKIVGIYPHRKDPTK AGGFILESECGKIK VNAGSGL
KDKAGVKSHELDRTRIMENQNY YIGKILECECNGWLKSDGRTDY VK
LFLPIAIRLREDK TKANTFEDVFGDFHEVTGLSGGSSGGSSGSETPGTS
ESATPESSGGSSGGSSMGIQGLAKLIADVAPSAIRENDIKSYFGRK VAL
DASMSIYQFLIAVRQGGDVLQNEEGETTSHLMGMFYRTIRMMENGIK
PVYVFDGKPPQLKSGELAKRSERRAEAEKQLQQAQAAGAEQEVEKF
TKRLVKVTKQHNDECKHLLSLMGIPYLDAPSEAEASCAALVKAGKYV
YAAATEDMDCLTFGSPVLMRHLTASEAKKLPIQEFHLSRILQELGLN
QEQFVDLCILLGSDY CESIRGIGPKRAVDLIQKHKSIEEIVRRLDPNKY
PVPENWLHKEAHQLFLEPEVLDPESVELKW SEPNEEELIKFMCGEKQ
FSEERIRSGVKRLSKSRQGSTQGRLDDFFKVTGSLSSAKRKEPEPKGS
TKKKAKTGAAGKFKRGKSGGSSGGSKRTADGSEFESPKKKRKVSGG
SSGGSMDKK Y SIGLDIGTNSVGWAVITDEYK VPSKKFK VLGNTDRHS
IKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEM
AKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEK YPTIYHL
RKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFI
QLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQI
GDQYADLFLAAKNLSDAILLSDILRVNTEITK APLSASMIKRYDEHHQ
DLTLLKALVRQQLPEK YKEIFFDQSKNGYAGYIDGGASQEEFYKFIKP
ILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITP
WNFEEVVDK GASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVYN
ELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDY
FKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE
DIVLTLTLFEDREMIEERLKTYAHLFDDK VMKQLKRRRYTGWGRLSR
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

KLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENI
VIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ
NEKLYLYYLQNGRDMY VDQELDINRLSDYDVDAIVPQSFLKDDSIDN
KVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL
TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDEND
KLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVG
TALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNI
MNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMP
QVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP
TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKY
VNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVI
LADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDT
TIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGSKRTADS
QHSTPPKTKRKVEFEPKKKRKYV

NLS1- | KRTADGSEFESPKKKRKVMDKKYSIGLDIGTNSVGWAVITDEYKVPS | 136
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
linkerl- | NRICYLQEIFSNEMAK VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
hFENI- | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
linker2- | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
T4LIG- | RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
NLS2 | DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKNGYAGYI
DGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK
DKDFLDNEENEDILEDIVL TLTLFEDREMIEERLKTY AHLFDDK VMK
QLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
[HDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVYV
DELVK VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLQNEKLYLYYLQNGRDMY VDQELDINRLSDYD
VDAIVPQSFLKDDSIDNK VL TRSDKNRGKSDNVPSEEVVKKMKNYW
RQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
AQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDFQF YK VREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRK VLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAK GYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSSGSETPGTSESATPESSGGSSGGSSMGIQGLA
KLIADVAPSAIRENDIKSYFGRKVAIDASMSIYQFLIAVRQGGDVLQN
EEGETTSHLMGMFYRTIRMMENGIKPVY VFDGKPPQLKSGELAKRSE
RRAEAEKQLQQAQAAGAEQEVEKFTKRLVKVTKQHNDECKHLLSL
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

MGIPYLDAPSEAEASCAALVKAGKVYAAATEDMDCLTFGSPVLMRH
LTASEAKKLPIQEFHLSRILQELGLNQEQFVDLCILLGSDYCESIRGIGP
KRAVDLIQKHKSIEEIVRRLDPNKYPVPENWLHKEAHQLFLEPEVLDP
ESVELKWSEPNEEELIKFMCGEKQFSEERIRSGVKRLSKSRQGSTQGR
LDDFFKVTGSLSSAKRKEPEPKGSTKKKAKTGAAGKFKRGKSGGSSG
GSKRTADGSEFESPKKKRKVSGGSSGGSMILKILNEIASIGSTKQKQALI
LEKNKDNELLKRVYRLTYSRGLQY YIKKWPKPGIATQSFGMLTLTD
MLDFIEFTLATRKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRDLE
CGASVSIANKVWPGLIPEQPOMLASSYDEK GINKNIKFPAFAQLKAD
GARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQIH
PEGVLIDGELVYHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESRT
ASNGIANKSLKGTISEKEAQCMKFQVWDY VPLVEIYSLPAFRLKYDV
RFSKLEQMTSGYDKVILIENQVVNNLDEAKVIYKKYIDQGLEGIILKNI
DGLWENARSKNLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECG
KIKVNAGSGLKDKAGVKSHELDRTRIMENQNY YIGKILECECNGWL
KSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFGDFHEVTGLSGGSKR
TADSQHSTPPKTKRKVEFEPKKKRKV

NLS1- | KRTADGSEFESPKKKRKVMILKILNEIASIGSTKQKQAILEKNKDNELL | 137
T4LIG- | KRVYRLTYSRGLQYYIKKWPKPGIATQSFGMLTLTDMLDFIEFTLAT
linkerl- | RKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRDLECGASVSIANK
nCas9- | VWPGLIPEQPOQMLASSYDEKGINKNIKFPAFAQLKADGARCFAEVRG
linker2- | DELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQIHPEGVLIDGELV
hFEN1- | YHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESRTASNGIANKSLK
NLS2 GTISEKEAQCMKFQVWDY VPLVEIYSLPAFRLKYDVRFSKLEQMTSG
YDKVILIENQVVNNLDEAKVIYKKYIDQGLEGILKNIDGLWENARSK
NLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECGKIKVNAGSGL
KDKAGVKSHELDRTRIMENQNY YIGKILECECNGWLKSDGRTDY VK
LFLPIAIRLREDKTKANTFEDVFGDFHEVTGLSGGSSGGSSGSETPGTS
ESATPESSGGSSGGSSMDKKY SIGLDIGTNSVGWAVITDEYK VPSKKF
KVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRIC
YLQEIFSNEMAKVDDSFFHRLEESFL VEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNP
DNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLEN
LIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD
DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGA
SQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHL
GELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKH
SLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK
VIVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDF
LDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRR
RYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSL
TFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQIL
KEHPVENTQLOQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIV
PQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLN
AKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILD
SRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHH
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

AHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEI
GKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDKG
RDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKK
DWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIME
RSSFEKNPIDFLEAKGYKEVKKDLIKLPKYSLFELENGRKRMLASAG
ELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKH
YLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFT
LTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLS
QLGGDSGGSSGGSKRTADGSEFESPKKKRK VSGGSSGGSMGIQGLAK
LIADVAPSAIRENDIKSYFGRKVAIDASMSIYQFLIAVRQGGDVLQNE
EGETTSHLMGMFYRTIRMMENGIKPVYVFDGKPPQLKSGELAKRSER
RAEAEKQLQQAQAAGAEQEVEKFTKRLVKVTKQHNDECKHLLSLM
GIPYLDAPSEAEASCAALVKAGKVYAAATEDMDCLTFGSPVLMRHL
TASEAKKLPIQEFHLSRILQELGLNQEQFVDLCILLGSDYCESIRGIGPK
RAVDLIQKHKSIEEIVRRLDPNK YPVPENWLHKEAHQLFLEPEVLDPE
SVELKWSEPNEEELIKFMCGEKQFSEERIRSGVKRLSKSRQGSTQGRL
DDFFKVTGSLSSAKRKEPEPKGSTKKKAKTGAAGKFKRGKSGGSKRT
ADSQHSTPPK TKRKVEFEPKKKRKYV

NLS1- | KRTADGSEFESPKKKRKVMDKKYSIGLDIGTNSVGWAVITDEYKVPS 138
nCas9- | KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRK
linkerl- | NRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDE
T4LIG- | VAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
linker2- | DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR
hFEN1- | RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK
NLS2 DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAP
LSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYI
DGGASQEEFYKFIKPILEKMDGTEELL VKLNREDLLRKQRTFDNGSIP
HQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS
RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKYV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK
TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK
DKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMK
QLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL
IHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKEL
GSQILKEHPVENTQLOQNEKLYLYYLQNGRDMY VDQELDINRLSDYD
VDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYW
ROQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHV
AQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREIN
NYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLI
ARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGI
TIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRML
ASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENII
HLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETR
IDLSQLGGDSGGSSGGSSGSETPGTSESATPESSGGSSGGSSMILKILNE
TASIGSTKQKQAILEKNKDNELLKRVYRLTYSRGLQYYIKKWPKPGIA
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

TQSFGMLTLTDMLDFIEFTLATRKLTGNAAIEELTGYITDGKKDDVEV
LRRVMMRDLECGASVSIANK VWPGLIPEQPQMLASSYDEK GINKNIK
FPAFAQLKADGARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELI
KMTAEARQIHPEGVLIDGELVYHEQVKKEPEGLDFLFDAYPENSKAK
EFAEVAESRTASNGIANK SLKGTISEKEAQCMKFQVWDY VPLVEIYS
LPAFRLKYDVRFSKLEQMTSGYDKVILIENQVVNNLDEAK VIYKK Y]
DQGLEGIILKNIDGLWENARSKNL YKFKEVIDVDLKIVGIYPHRKDPT
KAGGFILESECGKIK VNAGSGLKDKAGVKSHELDRTRIMENQNYYIG
KILECECNGWLKSDGRTDY VKLFLPIAIRLREDK TK ANTFEDVFGDFH
EVTGLSGGSSGGSKRTADGSEFESPKKKRKVSGGSSGGSMGIQGLAK
LIADVAPSAIRENDIKSYFGRKVAIDASMSIYQFLIAVRQGGDVLQNE
EGETTSHLMGMFYRTIRMMENGIKPVYVFDGKPPQLKSGELAKRSER
RAEAEKQLQQAQAAGAEQEVEKFTKRLVKVTKQHNDECKHLLSLM
GIPYLDAPSEAEASCAALVKAGKVYAAATEDMDCLTFGSPVLMRHL
TASEAKKLPIQEFHLSRILQELGLNQEQFVDLCILLGSDYCESIRGIGPK
RAVDLIQKHKSIEEIVRRLDPNK YPVPENWLHKEAHQLFLEPEVLDPE
SVELKWSEPNEEELIKFMCGEKQFSEERIRSGVKRLSKSRQGSTQGRL
DDFFKVTGSLSSAKRKEPEPKGSTKKKAKTGAAGKFKRGKSGGSKRT
ADSQHSTPPK TKRKVEFEPKKKRKYV

NLSI- | KRTADGSEFESPKKKRKVMILKILNEIASIGSTKQKQAILEKNKDNELL | 139
T4LIG- | KRVYRLTYSRGLQYYIKKWPKPGIATQSFGMLTLTDMLDFIEFTLAT
linkerl- | RKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRDLECGASVSIANK
hFENI- | VWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKADGARCFAEVRG
linker2- | DELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQIHPEGVLIDGELV
nCas9- | YHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESRTASNGIANKSLK
NLS2 | GTISEKEAQCMKFQVWDYVPLVEIYSLPAFRLKYDVRFSKLEQMTSG
YDKVILIENQVVNNLDEAK VIYKK YIDQGLEGIILKNIDGLWENARSK
NLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESECGKIK VNAGSGL
KDKAGVKSHELDRTRIMENQNY YIGKILECECNGWLKSDGRTDY VK
LFLPIAIRLREDK TKANTFEDVFGDFHEVTGLSGGSSGGSSGSETPGTS
ESATPESSGGSSGGSSMGIQGLAKLIADVAPSAIRENDIKSYFGRKVAI
DASMSIYQFLIAVRQGGDVLQNEEGETTSHLMGMFYRTIRMMENGIK
PVYVFDGKPPQLKSGELAKRSERRAEAEKQLQQAQAAGAEQEVEKF
TKRLVKVTKQHNDECKHLLSLMGIPYLDAPSEAEASCAALVKAGKYV
YAAATEDMDCLTFGSPVLMRHLTASEAKKLPIQEFHLSRILQELGLN
QEQFVDLCILLGSDYCESIRGIGPKRA VDLIQKHKSIEEITVRRLDPNKY
PVPENWLHKEAHQLFLEPEVLDPESVELKW SEPNEEELIKFMCGEKQ
FSEERIRSGVKRLSKSRQGSTQGRLDDFFKVTGSLSSAKRKEPEPKGS
TKKKAKTGAAGKFKRGKSGGSSGGSKRTADGSEFESPKKKRKVSGG
SSGGSMDKK YSIGLDIGTNSVGWAVITDEYK VPSKKFKVLGNTDRHS
IKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEM
AKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEK YPTIYHL
RKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFI
QLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQI
GDQYADLFLAAKNLSDAILLSDILRVNTEITK APLSASMIKRYDEHHQ
DLTLLKALVRQQLPEK YKEIFFDQSKNGYAGYIDGGASQEEFYKFIKP
ILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQ
EDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITP
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Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

WNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYN
ELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDY

FKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE

DIVLTLTLFEDREMIEERLKTYAHLFDDK VMKQLKRRRYTGWGRLSR
KLINGIRDKQSGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQKAQ

VSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK VMGRHKPENI

VIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ
NEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDN
KVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL
TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDEND

KLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVG
TALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNI
MNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRK VLSMP
QVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKY

VNFLYLASHYEKLK GSPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVI
LADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDT
TIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGGSKRTADS
QHSTPPKTKRK VEFEPKKKRKV

NLS1-T5 | KRTADGSEFESPKKKRK VMSKSWGKFIEEEEAEMA SRRNLMIVDGT 140
EXO- | NLGFRFKHNNSKKPFASSYVSTIQSLAKSYSARTTIVLGDKGKSVFRL
linkerl- | EHLPEYKGNRDEKYAQRTEEEKALDEQFFEYLKDAFELCKTTFPTFTI
nCas9- | RGVEADDMAAYIVKLIGHLYDHVWLISTDGDWDTLLTDKVSRFSFT
linker2- | TRREYHLRDMYEHHNVDDVEQFISLKAIMGDLGDNIRGVEGIGAKR
T4LIG- | GYNIIREFGNVLDIIDQLPLPGKQKYIQNLNASEELLFRNLILVDLPTYC
NLS2 | VDAIAAVGQDVLDKFTKDILEIAEQSGGSSGGSSGSETPGTSESATPES
SGGSSGGSSMDKKY SIGLDIGTNSVGWAVITDEYK VPSKKFK VLGNT
DRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFS
NEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTI
YHLRKKLVDSTDK ADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVD
KLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPG
EKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNL
LAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYK
FIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAIL
RRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEE
TITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFT
VYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK TNRKVTVKQLK
EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENE
DILEDIVLTLTLFEDREMIEERLKTYAHLFDDK VMKQLKRRRYTGWG
RLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQ
KAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHK
PENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVEN
TQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKD
DSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQR
KFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTK
YDENDKLIREVK VITLK SKLVSDFRKDFQFYKVREINNYHHAHDAYL
NAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAK
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Fusion protein polypeptide sequence or nucleic acid sequence

SEQ
1D
NO:

YFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR
KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPI
DFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNEL
ALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQIS
EFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPA
AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDSGG
SSGGSKRTADGSEFESPKKKRKVSGGSSGGSMILKILNEIASIGSTKQK
QAILEKNKDNELLKRVYRLTYSRGLQY YIKKWPKPGIATQSFGMLTL
TDMLDFIEFTLATRKLTGNAAIEELTGYITDGKKDDVEVLRRVMMRD
LECGASVSIANKVWPGLIPEQPQMLASSYDEKGINKNIKFPAFAQLKA
DGARCFAEVRGDELDDVRLLSRAGNEYLGLDLLKEELIKMTAEARQI
HPEGVLIDGELVYHEQVKKEPEGLDFLFDAYPENSKAKEFAEVAESR
TASNGIANKSLKGTISEKEAQCMKFQVWDY VPLVEIYSLPAFRLKYD
VRFSKLEQMTSGYDKVILIENQVVNNLDEAKVIYKKYIDQGLEGIILK
NIDGLWENARSKNLYKFKEVIDVDLKIVGIYPHRKDPTKAGGFILESE
CGKIKVNAGSGLKDKAGVKSHELDRTRIMENQNY YIGKILECECNG
WLKSDGRTDY VKLFLPIAIRLREDKTKANTFEDVFGDFHEVTGLSGG
SKRTADSQHSTPPKTKRKVEFEPKKKRKV

LZ-
SplintR-
bpNLS

ATGTTGGAGATAGAGGCTGCTTTCCTTGAACGGGAGAATACGGCC
CTCGAGACTAGGGTTGCTGAGCTTAGACAGCGAGTCCAAAGACTG
CGAAACCGGGTGTCCCAATATAGGACCAGATACGGACCTCTGGGT
GGAGGGAAATCCGGTGGGAGTAGCGGCGGGTCTAGTGGCTCAGA
GACACCTGGCACGAGCGAGAGTGCGACTCCTGAAAGCTCCGGCGG
CAGCAGTGGGGGAAGTTCCATGGCAATCACTAAGCCCCTCTTGGC
GGCGACTTTGGAAAACATCGAGGATGTGCAATTCCCGTGCCTTGC
CACACCAAAGATAGACGGGATCCGATCAGTGAAGCAAACGCAGA
TGCTCTCTAGAACGTTCAAGCCTATTAGAAACTCAGTGATGAATC
GGCTCTTGACTGAGCTGTTGCCGGAAGGCAGCGATGGGGAAATAT
CTATCGAGGGAGCCACATTTCAAGACACTACGAGCGCCGTAATGA
CTGGACATAAGATGTATAATGCTAAATTCTCCTACTATTGGTTTGA
CTATGTCACTGATGACCCTCTTAAGAAATATATAGACCGAGTGGA
GGATATGAAAAATTATATTACTGTACACCCGCATATTCTGGAACA
TGCCCAAGTTAAGATTATTCCTCTCATTCCCGTCGAGATTAATAAT
ATCACAGAACTGCTTCAGTATGAGCGCGACGTATTGTCCAAAGGC
TTTGAAGGGGTTATGATACGCAAACCGGACGGCAAGTACAAGTTC
GGAAGAAGCACATTGAAAGAGGGTATATTGCTGAAGATGAAGCA
GTTTAAGGATGCTGAGGCAACAATAATCAGCATGACAGCACTTTT
TAAAAATACCAACACGAAAACTAAGGACAATTTTGGTTATAGTAA
GCGGTCAACGCACAAAAGTGGGAAGGTAGAAGAAGACGTAATGG
GTAGCATTGAGGTGGATTATGACGGGGTGGTTTTCAGCATAGGGA
CTGGGTTTGATGCAGATCAACGGAGGGACTTTTGGCAGAACAAAG
AATCATATATAGGCAAAATGGTAAAGTTCAAATACTTCGAAATGG
GAAGTAAAGACTGCCCCAGATTCCCTGTATTCATTGGCATCAGGC
ACGAGGAGGACAGGAGTGGGGGATCAAAGCGGACTGCTGATAGT
CAGCATAGTACTCCACCCAAGACCAAGCGGAAAGTTGAGTTTGAG
CCGAAGAAAAAGCGAAAAGTGTAA

141
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LZ- ATGCTTGAGATCGAGGCGGCGTTCCTCGAAAGAGAGAACACCGCA | 142

T4L1G- | CTTGAAACTCGCGTGGCAGAATTGAGGCAGCGGGTGCAAAGACTT
bpNLS | AGAAATAGAGTCTCTCAGTATCGGACCCGATATGGTCCTCTGGGA
GGCGGGAAGTCTGGAGGTTCAAGCGGAGGCAGTTCCGGGAGTGA
GACACCGGGAACTTCTGAGAGTGCAACTCCTGAGAGCTCTGGTGG
ATCATCCGGAGGCTCCAGTATGATTCTTAAAATTCTTAACGAGATT
GCGAGTATTGGCAGCACGAAACAAAAGCAGGCCATATTGGAAAA
GAATAAGGACAATGAGTTGCTTAAACGCGTGTATAGGCTCACTTA
CTCTCGCGGACTGCAATACTATATTAAAAAATGGCCTAAGCCCGG
CATCGCTACTCAAAGCTTCGGAATGCTTACGCTGACAGATATGCTC
GACTTCATCGAGTTTACTCTCGCAACAAGGAAGTTGACTGGCAAC
GCCGCGATTGAAGAATTGACGGGTTATATCACGGACGGGAAGAA
GGATGATGTTGAGGTGCTGAGGCGCGTTATGATGCGCGACCTCGA
ATGTGGTGCCTCAGTTTCCATAGCCAATAAAGTTTGGCCAGGCTTG
ATCCCGGAGCAGCCACAGATGCTGGCCAGTAGCTACGACGAGAA
GGGTATTAACAAAAATATCAAGTTTCCAGCGTTTGCACAACTTAA
AGCGGATGGGGCGCGGTGTTTCGCCGAAGTCCGGGGTGACGAATT
GGACGATGTGCGCCTTCTGAGTCGCGCAGGAAATGAATATCTGGG
GCTTGACCTCTTGAAGGAGGAGCTGATTAAGATGACAGCAGAAGC
CAGGCAGATCCATCCAGAGGGGGTACTTATTGATGGTGAACTCGT
ATACCATGAGCAGGTTAAGAAGGAGCCAGAGGGTTTGGATTTCCT
CTTTGACGCCTATCCCGAGAATTCAAAGGCAAAGGAGTTCGCCGA
GGTTGCAGAATCAAGAACGGCTTCCAACGGCATAGCGAATAAATC
ACTCAAAGGAACTATATCTGAAAAGGAGGCACAGTGTATGAAATT
CCAAGTGTGGGACTATGTGCCGCTTGTCGAGATTTACAGCTTGCCT
GCTTTCCGATTGAAGTACGATGTACGGTTTAGTAAGCTCGAGCAA
ATGACTTCAGGTTACGATAAAGTCATCTTGATTGAGAACCAGGTC
GTTAATAATCTTGACGAGGCGAAGGTCATATATAAGAAATATATA
GATCAAGGGCTCGAGGGTATCATTCTGAAGAATATAGATGGCTTG
TGGGAAAACGCCAGGTCCAAAAACCTGTATAAGTTTAAGGAAGTA
ATAGATGTAGATTTGAAAATAGTTGGAATTTACCCCCATCGGAAG
GACCCCACGAAAGCGGGTGGGTTTATCCTCGAGAGCGAGTGTGGG
AAGATAAAAGTGAATGCCGGCTCCGGATTGAAGGACAAGGCAGG
TGTGAAAAGTCATGAGCTCGATCGGACGAGAATAATGGAAAACC
AGAATTACTACATTGGAAAGATTTTGGAATGCGAGTGTAACGGCT
GGTTGAAGAGCGACGGACGCACCGATTACGTGAAACTCTTTCTGC
CAATTGCAATCAGGTTGAGAGAGGATAAGACTAAGGCCAATACTT
TCGAGGACGTCTTCGGAGACTTTCACGAAGTCACTGGGCTTTCTGG
GGGTAGTAAGAGAACTGCAGATAGCCAGCATTCAACGCCGCCAA
AAACAAAGCGAAAGGTAGAATTCGAACCAAAGAAAAAGCGGAAA
GTATAA

LZ- ATGCTCGAGATCGAAGCTGCATTTCTGGAGAGGGAGAATACCGCC 143
hLIG1(2 | CTCGAAACCCGGGTGGCTGAATTGCGACAGAGAGTGCAACGGCTC
33-919)- | CGGAATAGAGTATCTCAATATCGAACCCGCTATGGGCCTCTCGGA

bpNLS | GGGGGTAAATCTGGCGGAAGTTCTGGCGGTAGTTCAGGAAGTGAG
ACACCGGGAACTAGTGAATCCGCGACTCCCGAATCAAGTGGGGGA
TCATCTGGAGGGTCAAGCACACCCAGGAAACCAGCCGTGAAAAA
AGAGGTTAAAGAAGAGGAACCTGGGGCTCCGGGAAAGGAGGGAG
CAGCGGAAGGTCCGCTCGACCCTTCAGGATACAACCCAGCCAAAA
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ACAACTACCACCCCGTAGAGGATGCTTGCTGGAAGCCAGGCCAAA
AGGTGCCCTATTTGGCCGTTGCTAGGACTTTCGAAAAAATTGAGG
AGGTGAGCGCGCGACTCAGAATGGTAGAGACTCTGTCTAACCTCC
TTCGCTCCGTAGTGGCTCTTTCACCTCCAGATCTTCTTCCAGTGCTG
TACCTGAGCCTGAACCACTTGGGCCCTCCCCAGCAGGGACTGGAA
CTGGGCGTAGGGGACGGAGTATTGCTGAAGGCTGTTGCTCAGGCA
ACCGGACGACAGCTCGAGTCTGTGCGAGCAGAAGCTGCAGAAAA
GGGGGACGTCGGGTTGGTTGCCGAAAATTCAAGATCTACCCAACG
ATTGATGTTGCCACCGCCGCCTCTGACTGCGTCAGGTGTATTCTCC
AAGTTCCGGGATATTGCCAGGCTTACGGGTAGCGCTTCCACTGCT
AAAAAGATCGACATAATAAAAGGTCTGTTCGTCGCTTGTCGCCAT
TCAGAGGCGAGGTTTATAGCCAGATCCCTTTCCGGACGACTTCGA
CTCGGCTTGGCTGAGCAGTCAGTACTGGCAGCTTTGTCTCAAGCTG
TATCACTCACGCCCCCCGGACAAGAATTTCCACCCGCCATGGTTG
ACGCAGGCAAGGGTAAGACTGCTGAGGCAAGAAAGACGTGGCTG
GAGGAACAAGGTATGATACTTAAACAAACGTTTTGCGAAGTTCCG
GACTTGGACCGGATCATACCTGTGTTGCTGGAGCACGGCCTCGAG
CGCTTGCCCGAACACTGTAAACTGTCTCCAGGAATACCTCTCAAA
CCCATGTTGGCTCATCCTACGAGGGGAATCTCAGAGGTACTTAAA
CGGTTTGAAGAAGCCGCTTTCACGTGCGAATACAAGTATGATGGT
CAGAGAGCGCAAATCCACGCATTGGAAGGGGGTGAGGTAAAGAT
TTTTTCAAGGAATCAGGAGGACAATACAGGGAAGTACCCCGATAT
CATCAGTCGGATTCCTAAAATTAAGCTTCCATCAGTCACGTCCTTC
ATACTGGACACTGAGGCAGTGGCTTGGGACCGAGAGAAGAAGCA
GATACAACCCTTTCAGGTACTTACAACCAGAAAGCGCAAGGAAGT
CGACGCTTCTGAGATTCAAGTACAAGTCTGCCTTTATGCGTTTGAC
CTGATCTATCTTAATGGAGAGAGTTTGGTGAGAGAACCCTTGAGC
AGACGACGGCAGCTCTTGAGAGAAAATTTCGTAGAAACTGAGGG
GGAGTTCGTCTTTGCGACTAGTCTCGACACCAAAGACATTGAGCA
AATCGCGGAATTCCTCGAACAGTCAGTTAAAGACTCCTGCGAAGG
TCTGATGGTTAAGACTCTTGACGTGGATGCTACCTACGAGATAGCT
AAGCGGTCACACAATTGGCTGAAACTGAAAAAGGACTATCTGGAT
GGAGTTGGGGACACGCTGGATTTGGTCGTTATCGGGGCCTATCTG
GGACGCGGTAAGCGGGCAGGGAGATATGGTGGATTCCTCCTCGCT
TCATACGATGAGGACTCTGAAGAGCTGCAGGCTATATGCAAACTT
GGGACGGGTTTTTCCGATGAAGAATTGGAGGAACATCATCAGTCA
CTGAAGGCCCTTGTATTGCCAAGTCCACGCCCATACGTACGAATC
GATGGAGCAGTAATCCCTGACCACTGGCTTGACCCGTCCGCCGTC
TGGGAAGTAAAGTGCGCGGATCTCTCTCTCAGTCCGATCTACCCA
GCCGCACGGGGGCTGGTTGACAGTGACAAGGGTATCAGCCTGCGA
TTTCCTCGATTCATACGCGTCCGGGAAGACAAGCAACCGGAACAG
GCTACGACCTCTGCACAGGTCGCATGTTTGTATAGAAAACAGAGC
CAAATTCAGAATCAACAAGGCGAAGACAGTGGGTCCGATCCTGAA
GATACCTACTCAGGCGGCAGTAAACGGACAGCTGATAGCCAACAC
TCAACTCCTCCGAAGACTAAAAGGAAGGTAGAGTTCGAACCAAAA
AAGAAAAGGAAAGTGTAA

LZ- ATGCTCGAGATCGAGGCGGCGTTCCTTGAACGCGAGAACACTGCG 144
hLIG1(1 | CTGGAAACGAGGGTCGCGGAACTCCGCCAGAGGGTTCAACGGTTG
AGGAATCGAGTGAGTCAGTACCGAACCCGATATGGACCACTGGGT
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19-919)- | GGCGGGAAATCAGGGGGCTCATCCGGCGGCTCCAGCGGGAGCGA
bpNLS | AACCCCGGGTACCTCAGAATCTGCGACGCCAGAAAGCTCAGGCGG
ATCTAGCGGCGGTAGTTCACCGAAGCGCCGGACTGCACGAAAGCA
ACTGCCAAAACGGACTATACAAGAAGTCCTGGAAGAACAAAGCG
AAGATGAGGATCGCGAAGCCAAGCGCAAGAAAGAGGAAGAGGA

AGAAGAGACTCCAAAGGAGTCCTTGACCGAAGCAGAAGTCGCAA
CGGAGAAGGAAGGTGAGGATGGGGATCAGCCAACAACCCCGCCT
AAACCTCTGAAAACCTCTAAGGCGGAGACACCAACTGAGAGTGTC
AGCGAACCGGAGGTAGCCACGAAACAAGAGCTTCAGGAGGAAGA
AGAACAGACAAAGCCACCTCGGCGGGCTCCCAAAACCCTTAGCTC
CTTCTTCACGCCTCGAAAGCCAGCAGTGAAGAAAGAAGTGAAGGA
GGAGGAACCTGGCGCCCCTGGAAAGGAGGGCGCAGCCGAGGGCC
CGCTGGACCCTTCAGGGTATAACCCGGCAAAAAATAATTACCACC
CGGTCGAGGACGCTTGTTGGAAACCAGGCCAAAAGGTACCTTACC
TCGCCGTCGCTAGGACCTTTGAGAAGATAGAGGAAGTTAGTGCTA
GGTTGAGAATGGTCGAAACCCTTAGTAACCTTCTCAGGTCCGTAG

TCGCCCTTAGTCCCCCAGACCTGCTTCCGGTGCTGTACCTGTCCCT
GAACCATCTCGGTCCCCCCCAACAGGGACTGGAGTTGGGCGTCGG
TGACGGCGTTCTCCTGAAAGCGGTTGCACAAGCTACAGGAAGGCA
ACTGGAATCTGTCCGGGCTGAGGCTGCAGAGAAAGGTGACGTGGG
GCTTGTGGCAGAGAATAGTCGGTCAACACAGCGGCTGATGCTGCC
ACCGCCCCCGCTTACGGCTAGTGGGGTATTCTCCAAATTTAGAGAT
ATAGCACGGCTGACGGGATCAGCTTCCACTGCGAAGAAGATCGAT
ATCATTAAGGGTTTGTTCGTGGCTTGCAGGCATTCCGAAGCACGCT
TCATTGCACGCTCCCTTTCAGGGAGACTCAGACTTGGGCTGGCCG

AGCAATCTGTACTGGCGGCCCTGTCTCAGGCGGTGAGCCTTACGC

CGCCCGGGCAAGAGTTCCCTCCTGCGATGGTCGATGCTGGGAAGG
GAAAAACCGCCGAAGCTCGAAAAACATGGCTGGAGGAGCAAGGA
ATGATTTTGAAGCAGACGTTCTGTGAAGTACCGGACTTGGATCGC

ATCATACCTGTGCTTCTCGAACATGGTTTGGAGCGGCTCCCCGAGC
ATTGCAAACTCTCTCCGGGCATCCCCCTCAAGCCAATGCTCGCCCA
CCCCACGCGCGGAATCAGTGAGGTACTGAAACGCTTTGAAGAGGC
AGCGTTTACTTGTGAATACAAGTACGATGGCCAAAGGGCACAAAT
TCATGCACTTGAAGGCGGGGAAGTTAAGATATTCAGCAGGAATCA
GGAGGACAACACGGGAAAATATCCTGACATAATATCTCGAATCCC
TAAAATTAAGTTGCCTAGCGTAACCAGCTTCATCCTGGATACCGA

AGCCGTGGCGTGGGATAGGGAGAAAAAGCAAATACAGCCATTTC

AGGTGCTTACAACTAGAAAACGAAAAGAGGTGGACGCTAGTGAA
ATCCAAGTCCAGGTATGTCTTTATGCCTTCGATTTGATATACCTTA
ATGGTGAGTCCCTTGTACGGGAACCGCTTAGTAGGAGGCGGCAGT
TGCTGAGGGAAAATTTTGTCGAAACTGAGGGAGAGTTTGTATTTG
CAACGTCATTGGATACAAAGGACATAGAACAAATAGCAGAATTTC
TGGAGCAGTCAGTAAAAGACTCCTGCGAGGGCCTGATGGTGAAAA
CTCTTGATGTGGACGCCACTTATGAAATCGCAAAAAGGTCACACA
ATTGGCTGAAACTTAAAAAGGATTACTTGGACGGGGTCGGGGATA
CCCTCGATCTCGTCGTAATCGGAGCTTATCTCGGTAGGGGGAAGC

GAGCCGGGCGATACGGAGGCTTTCTCTTGGCTAGTTATGACGAAG
ATTCCGAAGAGCTGCAGGCCATATGCAAGCTTGGAACGGGTTTCA
GCGATGAGGAATTGGAGGAGCATCATCAGAGCTTGAAGGCACTG
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GTGCTCCCCTCTCCTAGGCCGTACGTTAGAATAGACGGAGCAGTG
ATACCCGATCATTGGCTCGATCCGTCAGCTGTTTGGGAGGTGAAG
TGTGCAGACCTGTCCCTCTCTCCTATTTACCCTGCAGCACGCGGTC
TGGTTGACTCTGACAAAGGGATTAGCTTGAGGTTCCCTAGATTTAT
TCGGGTGCGCGAAGACAAACAGCCTGAACAGGCGACAACGTCCG
CGCAGGTCGCATGCCTTTATCGAAAACAGAGTCAGATCCAGAATC
AACAAGGAGAAGATTCAGGGAGTGACCCGGAGGACACTTATAGT
GGCGGCTCAAAACGAACCGCCGATAGTCAGCATTCAACACCTCCA
AAAACTAAAAGGAAAGTCGAGTTTGAGCCAAAGAAGAAGCGCAA
AGTCTAA

T4-LZ | ATGATCCTTAAGATTCTCAACGAAATCGCTAGTATAGGGTCCACT 145
AAGCAGAAGCAGGCCATATTGGAAAAAAATAAGGACAATGAACT
TTTGAAGAGAGTCTATAGACTGACGTACTCTAGGGGGCTCCAGTA
CTACATCAAGAAATGGCCTAAACCTGGCATTGCGACGCAGTCATT
CGGTATGCTGACATTGACGGATATGTTGGATTTCATTGAGTTTACG
CTGGCCACCAGAAAACTTACGGGTAATGCTGCGATAGAAGAACTT
ACAGGGTACATAACAGACGGGAAGAAAGATGACGTGGAAGTGCT
CAGACGAGTTATGATGCGCGATCTCGAGTGCGGCGCTAGCGTGTC
AATCGCGAACAAAGTCTGGCCCGGCCTCATACCAGAGCAGCCACA
GATGCTGGCATCTTCCTATGACGAAAAAGGCATAAACAAGAATAT
TAAATTCCCGGCCTTCGCTCAACTCAAAGCAGATGGTGCCAGGTG
TTTTGCCGAAGTTCGGGGTGATGAACTTGATGACGTGCGGCTCTTG
TCTAGGGCAGGTAACGAGTACCTCGGCCTGGACTTGCTTAAAGAG
GAACTGATTAAAATGACAGCTGAGGCGCGGCAGATACACCCCGA
GGGCGTCCTTATCGACGGGGAGCTGGTGTATCACGAACAAGTTAA
AAAGGAACCGGAGGGTCTTGATTTTCTTTTCGACGCGTATCCTGAG
AACAGCAAGGCGAAAGAATTTGCAGAAGTTGCAGAAAGCAGGAC
CGCAAGTAATGGAATCGCTAATAAAAGCCTCAAGGGTACCATCAG
CGAAAAAGAAGCCCAGTGCATGAAATTTCAAGTTTGGGACTATGT
CCCCTTGGTCGAAATTTACTCCCTGCCCGCATTCCGGCTGAAGTAT
GATGTTCGCTTCAGTAAACTGGAGCAAATGACGAGCGGTTATGAT
AAGGTTATACTTATTGAGAATCAGGTCGTAAATAATTTGGACGAG
GCGAAAGTTATATACAAAAAGTATATAGACCAAGGGTTGGAGGG
GATCATTTTGAAGAACATAGACGGACTTTGGGAGAACGCCCGGTC
CAAGAATTTGTATAAATTCAAAGAAGTCATAGATGTTGACCTCAA
GATAGTAGGTATATATCCCCACAGAAAGGACCCAACCAAAGCAG
GCGGATTCATTTTGGAGTCCGAGTGTGGGAAGATAAAGGTCAATG
CTGGATCTGGACTCAAGGACAAAGCTGGTGTGAAGTCACATGAAC
TGGACCGAACCAGGATTATGGAGAATCAGAACTATTACATCGGGA
AGATATTGGAGTGTGAATGCAACGGCTGGCTTAAATCAGATGGAA
GAACTGATTACGTTAAATTGTTCCTGCCCATAGCCATACGACTCCG
CGAGGACAAAACGAAGGCTAACACGTTTGAAGACGTATTCGGAG
ATTTCCATGAGGTGACTGGCCTTAGTGgaggctccaaacggacageagactcccaa
cattcaacacccccaaaaacaaagcggaaggtagagtttgagecaaaaaagaaaagaaaggtcGGAGG
AGGAGGCAGTGGTGGGCGACTTGAAATTAGAGCCGCGTTCCTGCG
CCAGAGGAATACGGCTCTCCGCACGGAGGTAGCCGAACTTGAGCA
AGAAGTACAGAGATTGGAGAACGAGGTTTCACAGTATGAGACAC
GATATGGCCCCCTTGGCGGCGGAAAGTAA
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LZ- ATGCTTGAGATCGAGGCGGCGTTCCTCGAAAGAGAGAACACCGCA | 146
hLIG4(1- | CTTGAAACTCGCGTGGCAGAATTGAGGCAGCGGGTGCAAAGACTT

620) AGAAATAGAGTCTCTCAGTATCGGACCCGATATGGTCCTCTGGGA
GGCGGGAAGTCTGGAGGTTCAAGCGGAGGCAGTTCCGGGAGTGA
GACACCGGGAACTTCTGAGAGTGCAACTCCTGAGAGCTCTGGTGG
ATCATCCGGAGGCTCCAGTGCAGCTTCTCAGACCTCTCAAACAGT
AGCCTCTCATGTACCGTTCGCTGACTTGTGTTCTACGCTCGAACGC
ATCCAGAAATCAAAGGGGCGCGCCGAGAAAATCCGGCACTTCAG
AGAATTCTTGGATTCCTGGAGGAAGTTTCATGATGCTCTCCACAAA
AATCACAAAGATGTAACGGATAGTTTCTACCCTGCTATGAGACTT
ATACTGCCGCAGCTTGAGAGGGAACGCATGGCGTATGGTATAAAG
GAGACAATGTTGGCGAAATTGTATATTGAGCTGCTGAACTTGCCA
AGAGATGGAAAGGACGCGCTCAAACTGCTGAACTATAGAACACC
CACGGGTACCCATGGTGACGCCGGTGACTTTGCCATGATCGCCTA
TTTCGTACTGAAACCTCGATGTCTTCAAAAAGGTTCTCTTACAATT
CAGCAAGTCAACGACCTGCTGGATTCAATTGCGAGTAACAACAGC
GCTAAGCGAAAGGATCTCATTAAGAAAAGCCTCCTGCAGCTGATA
ACTCAGTCCTCTGCACTCGAACAAAAATGGCTGATTCGGATGATT
ATCAAGGATTTGAAGTTGGGGGTATCTCAGCAAACTATTTTCAGC
GTGTTTCACAATGATGCAGCAGAATTGCATAATGTCACAACAGAT
CTTGAGAAAGTCTGCCGACAGTTGCACGACCCCTCTGTAGGCTTG
AGTGACATATCTATAACACTTTTTTCTGCGTTCAAACCCATGTTGG
CTGCTATTGCGGACATAGAACACATCGAGAAAGACATGAAACATC
AGTCATTCTATATAGAGACTAAATTGGACGGCGAGAGGATGCAAA
TGCACAAAGATGGTGATGTGTATAAATATTTTTCCCGCAACGGCT
ACAACTACACTGATCAATTCGGAGCGTCCCCAACTGAAGGGTCCC
TCACTCCTTTCATACACAATGCGTTTAAGGCCGATATTCAGATATG
TATCCTCGACGGCGAAATGATGGCGTACAATCCCAATACCCAGAC
CTTCATGCAAAAGGGAACGAAGTTCGATATTAAACGGATGGTTGA
AGATTCCGACCTCCAAACATGTTACTGTGTGTTTGATGTCCTGATG
GTGAATAACAAAAAACTCGGCCATGAAACCCTTCGAAAGCGATAC
GAAATACTCAGCAGTATATTTACTCCAATACCAGGCCGAATCGAG
ATCGTACAGAAAACACAAGCCCATACTAAGAATGAAGTTATTGAT
GCACTGAACGAAGCCATAGACAAGAGGGAAGAAGGCATAATGGT
CAAGCAGCCTCTGAGTATATATAAACCTGACAAAAGGGGGGAAG
GATGGCTGAAGATAAAGCCAGAATACGTGTCTGGTCTTATGGACG
AATTGGACATTCTCATCGTCGGAGGATATTGGGGTAAGGGTTCCA
GGGGGGGGATGATGTCCCACTTTCTGTGTGCGGTTGCCGAGAAAC
CGCCCCCAGGGGAAAAACCATCAGTGTITCCATACGTTGTCACGCG
TCGGCTCAGGTTGTACGATGAAGGAACTTTACGATCTGGGGTTGA
AACTCGCCAAATATTGGAAGCCATTCCATCGGAAAGCACCGCCCT
CTAGTATCTTGTGTGGGACGGAGAAGCCAGAAGTTTATATAGAGC
CATGTAACTCAGTAATTGTTCAAATCAAAGCCGCAGAGATCGTCC
CGTCAGACATGTACAAGACTGGATGCACCCTTAGATTTCCTCGCAT
CGAAAAAATAAGAGATGATAAAGAGTGGCATGAGTGCATGACTC
TTGACGACCTTGAACAGCTCCGCGGGAAGGCCAGCGGTAAACTGG
CTAGTAAGCACCTCTACATCGGGGGTGACAGTGgaggctccaaacggacag
cagactcccaacattcaacacccccaaaaacaaageggaaggtagagtttgagecaaaaaagaaaagaaag
gtctaa
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LZ- ATGCTTGAGATCGAGGCGGCGTTCCTCGAAAGAGAGAACACCGCA 147
nCas9 | CTTGAAACTCGCGTGGCAGAATTGAGGCAGCGGGTGCAAAGACTT
AGAAATAGAGTCTCTCAGTATCGGACCCGATATGGTCCTCTGGGA
GGCGGGAAGTCTGGAGGTTCAAGCGGAGGCAGTTCCGGGAGTGA
GACACCGGGAACTTCTGAGAGTGCAACTCCTGAGAGCTCTGGTGG
ATCATCCGGAGGCTCCAGTaaacggacagccgacggaagegagticgagtcaccaaaga
agaagcggaaagtcgacaagaagtacagcatcggectggacatcggeaccaactetgtgggctgggecgte
atcaccgacgagtacaaggtgcccagcaagaaattcaaggtgctgggceaacaccgaccggeacageatcaa
gaagaacctgatcggagcecctgetgttcgacageggegaaacagecgaggecaccceggetgaagagaace
gccagaagaagatacaccagacggaagaaccggatctgctatctgcaagagatcttcagcaacgagatggce
caaggtggacgacagcttcttccacagactggaagagtccticctggtggaagaggataagaageacgage
ggcaccccatcttcggceaacatcgtggacgaggtggectaccacgagaagtaccccaccatctaccacctga
gaaagaaactggtggacagcaccgacaaggecgacctgeggcetgatctatctggecctggeccacatgate
aagttccggggccacttcctgatcgagggcgacctgaaccecgacaacagegacgtggacaagetgttcate
cagctggtgcagacctacaaccagetgticgaggaaaaccccatcaacgecageggegtggacgecaagg
ccatcctgtctgecagactgagcaagagcagacggctggaaaatctgatcgeccagetgeccggegagaag
aagaatggcctgttcggaaacctgattgeecctgagectgggectgacceccaacttcaagagcaacttcgace
tggccgaggatgccaaactgcagetgagcaaggacacctacgacgacgacctggacaacctgetggeeca
gatcggcgaccagtacgccgacctgttictggecgecaagaacctgtccgacgecatectgetgagegacat
cctgagagtgaacaccgagatcaccaaggeccccctgagegectctatgatcaagagatacgacgageace
accaggacctgaccctgcetgaaagetctegtgecggeageagetgectgagaagtacaaagagattttcttcga
ccagagcaagaacggctacgecggctacattgacggcggagecagecaggaagagttctacaagticatca
agcccatcctggaaaagatggacggcaccgaggaactgetcgtgaagetgaacagagaggacctgetgeg
gaagcagcggaccttcgacaacggcagceatcccccaccagatccacctgggagagetgeacgecattetge
ggcggcaggaagatttttacccaticctgaaggacaaccgggaaaagatcgagaagatectgaccttecgeat
cccctactacgtgggcecctetggecaggggaaacageagaticgectggatgaccagaaagagegaggaa
accatcaccccctggaacttcgaggaagtggtggacaagggegcettccgeccagagettcatcgageggatg
accaacttcgataagaacctgcccaacgagaaggtgcetgcccaagcacagectgetgtacgagtacttcace
gtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgagaaageccgecticctgageggcga
gcagaaaaaggccatcgtggacctgetgttcaagaccaaccggaaagtgaccgtgaagecagetgaaagag
gactacttcaagaaaatcgagtgcttcgactccgtggaaatctccggegtggaagateggttcaacgecteect
gggcacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatgaggaaaacgaggacat
tctggaagatatcgtgctgaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaaacctat
geccacctgttcgacgacaaagtgatgaagcagetgaageggeggagatacaccggetggggcaggctga
geeggaagetgatcaacggceatccgggacaageagteccggeaagacaatectggatttectgaagtecgac
ggcttcgecaacagaaacttcatgcagetgatccacgacgacagectgacctttaaagaggacatccagaaa
geeccaggtgtecggecagggcgatagectgecacgageacattgecaatctggecggeagecccgecattaa
gaagggcatcctgecagacagtgaaggtggtggacgagetcgtgaaagtgatgggccggeacaageccgag
aacatcgtgatcgaaatggccagagagaaccagaccacccagaagggacagaagaacagecgegagaga
atgaagcggatcgaagagggcatcaaagagetgggcagecagatcctgaaagaacaccecgtggaaaaca
cccagcetgcagaacgagaagctgtacctgtactacctgcagaatgggegggatatgtacgtggaccaggaac
tggacatcaaccggctgtccgactacgatgtggacgctatcgtgectcagagcetttctgaaggacgactccate
gacaacaaggtgctgaccagaagcgacaagaaccggggcaagagegacaacgtgecctccgaagaggte
gtgaagaagatgaagaactactggcggcagcetgctgaacgecaagcetgattacccagagaaagttcgacaat
ctgaccaaggccgagagaggceggcectgagegaactggataaggccggcetticatcaagagacagetggteg
aaacccggcagatcacaaagcacgtggceacagatcctggactcccggatgaacactaagtacgacgagaat
gacaagctgatccgggaagtgaaagtgatcaccctgaagtccaagetggtgtecgatttccggaaggatttce
agttttacaaagtgcgcgagatcaacaactaccaccacgeccacgacgcectacctgaacgecgtegtgggaa
ccgecctgatcaaaaagtaccctaagetggaaagegagticgtgtacggcgactacaaggtgtacgacgtgc
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ggaagatgatcgccaagagcgageaggaaatcggcaaggctaccgecaagtacttcttctacagcaacatca
tgaactttttcaagaccgagattaccctggccaacggcgagatccggaageggcectetgatcgagacaaacg
gcgaaaccggggagatcgtetoooataagggccgggattttgccaccgtgeggaaagtgctgageatgece
caagtgaatatcgtgaaaaagaccgaggtgcagacaggcggcticagcaaagagtctatcctgeccaagag
gaacagcgataagctgatcgecagaaagaaggactgggaccctaagaagtacggeggeticgacagecce
accgtggcctattctgtgetggtggteoccaaagtggaaaagggcaagtccaagaaactgaagagtgtgaaa
gagctgctggggatcaccatcatggaaagaagcagcettcgagaagaatcccatcgactttctggaagecaag
ggctacaaagaagtgaaaaaggacctgatcatcaagetgectaagtactcectgttcgagetggaaaacgge
cggaagagaatgctggectctgecggegaactgcagaagggaaacgaactggecctgecctccaaatatgt
gaacttcctgtacctggecagecactatgagaagetgaagggctcccccgaggataatgagcagaaacagcet
gtttgtggaacagcacaagcactacctggacgagatcatcgagcagatcagegagttctccaagagagtgate
ctggccgacgcetaatctggacaaagtgetgtccgectacaacaagecaccgggataageccatcagagagea
ggccgagaatatcatccacctgtttaccetgaccaatctgggageccctgecgecttcaagtactttgacacca
ccatcgaccggaagaggtacaccagcaccaaagaggtgctggacgcecaccctgatccaccagageatcac
cggcctgtacgagacacggatcgacctgtctcagetgggaggtgacggctcaaaaagaaccgecgacgge
agcgaattcgagtcacccaagaagaagaggaaagtctaa

SplintR- | atggcgataacgaagcccttgttggcagetacgttggaaaatattgaggacgtacagttcccatgecttgecact 148

Lz ccgaagatcgatggaatccgatccgtgaaacagacacaaatgettagcagaacattcaaacccatcaggaac
agcgtaatgaatagattgcttacggaactcttgecccgaagggtetgacggcegagattagecatcgaaggagega
ctttccaagatactacctcagcagttatgacgggacacaagatgtataatgctaaattctcatattactggtttgact
atgttactgacgatcctttgaagaaatacatagacagggttgaagatatgaaaaattacataactgtccaccctca
tatcctggagcatgcacaggtaaagattatcccgetcataccagtagaaattaacaatataaccgaattgttgea
gtatgaacgcgatgtgctetctaaaggcettcgagggcegtgatgataaggaagectgatggcaaatataagttcg
gtaggtccacattgaaagagggaattctcttgaagatgaaacagtttaaggatgcggaagetactatcattagta
tgacggcactgtttaaaaacactaacactaaaaccaaggacaactttggctatagtaaaaggagcacacacaa
atcaggaaaagttgaggaggacgtaatgggcagtatagaggtagattacgatggtgtegtatttagcattggaa
cgggcttcgacgctgaccageggagggacttttggcagaataaggaaagttacattggcaagatggttaaatt
caaatacttcgagatgggctcaaaagactgtccgagatttcctgtgtttattggaatcagacacgaagaggatag
gAGTGgaggctccaaacggacagcagactcccaacattcaacacccccaaaaacaaageggaaggtag
agtttgagccaaaaaagaaaagaaaggtcGGAGGAGGAGGCAGTGGTGGGCGACT
TGAAATTAGAGCCGCGTTCCTGCGCCAGAGGAATACGGCTCTCCG
CACGGAGGTAGCCGAACTTGAGCAAGAAGTACAGAGATTGGAGA
ACGAGGTTTCACAGTATGAGACACGATATGGCCCCCTTGGCGGCG
GAAAGtaa

hLIG4(1- | ATGGCAGCTTCTCAGACCTCTCAAACAGTAGCCTCTCATGTACCGT 149
620)-LZ | TCGCTGACTTGTGTTCTACGCTCGAACGCATCCAGAAATCAAAGG
GGCGCGCCGAGAAAATCCGGCACTTCAGAGAATTCTTGGATTCCT
GGAGGAAGTTTCATGATGCTCTCCACAAAAATCACAAAGATGTAA
CGGATAGTTTCTACCCTGCTATGAGACTTATACTGCCGCAGCTTGA
GAGGGAACGCATGGCGTATGGTATAAAGGAGACAATGTTGGCGA
AATTGTATATTGAGCTGCTGAACTTGCCAAGAGATGGAAAGGACG
CGCTCAAACTGCTGAACTATAGAACACCCACGGGTACCCATGGTG
ACGCCGGTGACTTTGCCATGATCGCCTATTTCGTACTGAAACCTCG
ATGTCTTCAAAAAGGTTCTCTTACAATTCAGCAAGTCAACGACCTG
CTGGATTCAATTGCGAGTAACAACAGCGCTAAGCGAAAGGATCTC
ATTAAGAAAAGCCTCCTGCAGCTGATAACTCAGTCCTCTGCACTC
GAACAAAAATGGCTGATTCGGATGATTATCAAGGATTTGAAGTTG
GGGGTATCTCAGCAAACTATTTTCAGCGTGTTTCACAATGATGCAG
CAGAATTGCATAATGTCACAACAGATCTTGAGAAAGTCTGCCGAC
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AGTTGCACGACCCCTCTGTAGGCTTGAGTGACATATCTATAACACT
TTTTTCTGCGTTCAAACCCATGTTGGCTGCTATTGCGGACATAGAA
CACATCGAGAAAGACATGAAACATCAGTCATTCTATATAGAGACT
AAATTGGACGGCGAGAGGATGCAAATGCACAAAGATGGTGATGT
GTATAAATATTTTTCCCGCAACGGCTACAACTACACTGATCAATTC
GGAGCGTCCCCAACTGAAGGGTCCCTCACTCCTTTCATACACAAT
GCGTTTAAGGCCGATATTCAGATATGTATCCTCGACGGCGAAATG
ATGGCGTACAATCCCAATACCCAGACCTTCATGCAAAAGGGAACG
AAGTTCGATATTAAACGGATGGTTGAAGATTCCGACCTCCAAACA
TGTTACTGTGTGTTTGATGTCCTGATGGTGAATAACAAAAAACTCG
GCCATGAAACCCTTCGAAAGCGATACGAAATACTCAGCAGTATAT
TTACTCCAATACCAGGCCGAATCGAGATCGTACAGAAAACACAAG
CCCATACTAAGAATGAAGTTATTGATGCACTGAACGAAGCCATAG
ACAAGAGGGAAGAAGGCATAATGGTCAAGCAGCCTCTGAGTATA
TATAAACCTGACAAAAGGGGGGAAGGATGGCTGAAGATAAAGCC
AGAATACGTGTCTGGTCTTATGGACGAATTGGACATTCTCATCGTC
GGAGGATATTGGGGTAAGGGTTCCAGGGGGGGGATGATGTCCCAC
TTTCTGTGTGCGGTTGCCGAGAAACCGCCCCCAGGGGAAAAACCA
TCAGTGTTCCATACGTTGTCACGCGTCGGCTCAGGTTGTACGATGA
AGGAACTTTACGATCTGGGGTTGAAACTCGCCAAATATTGGAAGC
CATTCCATCGGAAAGCACCGCCCTCTAGTATCTTGTGTGGGACGG
AGAAGCCAGAAGTTTATATAGAGCCATGTAACTCAGTAATTGTTC
AAATCAAAGCCGCAGAGATCGTCCCGTCAGACATGTACAAGACTG
GATGCACCCTTAGATTTCCTCGCATCGAAAAAATAAGAGATGATA
AAGAGTGGCATGAGTGCATGACTCTTGACGACCTTGAACAGCTCC
GCGGGAAGGCCAGCGGTAAACTGGCTAGTAAGCACCTCTACATCG
GGGGTGACAGTGgaggctccaaacggacagcagactceccaacattcaacacccccaaaaacaaa
gcggaaggtagagtttgagccaaaaaagaaaagaaaggtc GGAGGAGGAGGCAGTGGTG
GGCGACTTGAAATTAGAGCCGCGTTCCTGCGCCAGAGGAATACGG
CTCTCCGCACGGAGGTAGCCGAACTTGAGCAAGAAGTACAGAGAT
TGGAGAACGAGGTTTCACAGTATGAGACACGATATGGCCCCCTTG
GCGGCGGAAAGtaa

nCas9- | atgaaacggacagccgacggaagegagttcgagtcaccaaagaagaageggaaagtcgacaagaagtac 150
hLIG4(1- | agcatcggcctggacatcggcaccaactetgtgggctgggecgtgatcaccgacgagtacaaggtgeccag

620) caagaaattcaaggtgctgggcaacaccgaccggcacageatcaagaagaacctgatcggagecectgetgtt
cgacagcggcegaaacagecgaggccacccggctgaagagaaccgecagaagaagatacaccagacgga
agaaccggatctgctatctgcaagagatcttcagcaacgagatggccaaggtggacgacagcettcttccacag
actggaagagtccttcctggtggaagaggataagaagcacgageggceaccecatcttcggeaacatcgtgga
cgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtggacageaccgaca
aggccgacctgeggcetgatetatctggecctggeccacatgatcaagttccggggccacttcctgatcgaggg
cgacctgaaccccgacaacagegacgtggacaagcetgttcatccagetggtgcagacctacaaccagetgtt
cgaggaaaaccccatcaacgecageggcegtggacgecaaggecatectgtctgecagactgagcaagage
agacggctggaaaatctgatcgeccagetgeccggegagaagaagaatggectgticggaaacctgattgec
ctgagcctgggectgacccccaacticaagagceaacttcgacctggecgaggatgecaaactgeagetgage
aaggacacctacgacgacgacctggacaacctgetggeccagatcggegaccagtacgecgacctgtttetg
gccgecaagaacctgtecgacgecatectgetgagegacatcctgagagtgaacaccgagatcaccaagge
ccecctgagegectcetatgatcaagagatacgacgagcaccaccaggacctgaccctgetgaaagetetegt
gecggceagcagcetgectgagaagtacaaagagattttcttcgaccagagcaagaacggetacgecggcetacat
tgacggcggagcecagecaggaagagtictacaagticatcaageccatcctggaaaagatggacggcaccg
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aggaactgctcgtgaagctgaacagagaggacctgetgcggaageageggaccttcgacaacggeageat
cccccaccagatccacctgggagagetgeacgecattctgeggeggeaggaagatttttacccattcctgaag
gacaaccgggaaaagatcgagaagatccetgaccttccgeatecectactacgtgggcecctetggecagggg
aaacagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccecctggaactticgaggaagteg
tggacaagggcgcttccgeccagagcttcatcgageggatgaccaacttcgataagaacctgeccaacgaga
aggtgctgcccaageacagectgetgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgt
gaccgagggaatgagaaageccgecttcectgageggegagecagaaaaaggcecatcgtggacctgetgttea
agaccaaccggaaagtgaccgtgaagcagetgaaagaggactacttcaagaaaatcgagtgcticgacteeg
tggaaatctccggegtggaagatcggttcaacgectecctgggcacataccacgatctgctgaaaattatcaag
gacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgetgaccctgacactgtttg
aggacagagagatgatcgaggaacggctgaaaacctatgeccacctgticgacgacaaagtgatgaageag
ctgaagcggcggagatacaccggctggggocaggctgagecggaagetgatcaacggeatccgggacaag
cagtccggcaagacaatcctggatttcctgaagtccgacggcetticgeccaacagaaacttcatgcagetgatee
acgacgacagcctgacctttaaagaggacatccagaaageccaggtgtecggecagggcegatagectgeac
gagcacattgccaatctggeccggeagecccgecattaagaagggcatectgcagacagtgaaggtggtgga
cgagctcgtgaaagtgatgggccggcacaageccgagaacatcgtgatcgaaatggecagagagaaccag
accacccagaagggacagaagaacagccgegagagaatgaageggatcgaagagggcatcaaagaget
gggcagecagatcctgaaagaacaccecgtggaaaacacccagetgcagaacgagaagcetgtacetgtact
acctgcagaatgggcegggatatgtacgtggaccaggaactggacatcaaccggcetgtccgactacgatgteg
acgctatcgtgectcagagcetttctgaaggacgactccatcgacaacaaggtgctgaccagaagegacaaga
accggggcaagagegacaacgtgecctccgaagaggtegtgaagaagatgaagaactactggeggeagcet
gctgaacgcecaagetgattacccagagaaagttcgacaatctgaccaaggecgagagaggeggectgage
gaactggataaggccggcttcatcaagagacagctggtggaaaccecggeagatcacaaageacgtggeaca
gatcctggactcccggatgaacactaagtacgacgagaatgacaagetgatccgggaagtgaaagtgatcac
cctgaagtccaagcetggtgtecgatttccggaaggatttccagttttacaaagtgegegagatcaacaactace
accacgcccacgacgcectacctgaacgecgtegtgggaaccgecctgatcaaaaagtaccctaagetggaa
agcgagttcgtgtacggcegactacaaggtgtacgacgtgcggaagatgatcgecaagagegageaggaaat
cggcaaggctaccgecaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggecaa
cggcgagatccggaageggcectctgatcgagacaaacggegaaaccggggagategtgtgggataaggg
ccgggattttgccaccgtgeggaaagtgctgageatgecccaagtgaatatcgtgaaaaagaccgaggtgca
gacaggcggcttcagcaaagagtctatcctgecccaagaggaacagegataagetgatcgeccagaaagaagg
actgggaccctaagaagtacggeggcettcgacagecccaccgtggcectattetgtgctggtggtggccaaagt
ggaaaagggcaagtccaagaaactgaagagtgtgaaagagetgetggggatcaccatcatggaaagaage
agcttcgagaagaatcccatcgactttctggaagccaagggcetacaaagaagtgaaaaaggacctgatcatca
agctgectaagtactcectgttcgagetggaaaacggecggaagagaatgetggectetgeeggegaactge
agaagggaaacgaactggecctgecctccaaatatgtgaacttcctgtacctggecagecactatgagaaget
gaagggctccecccgaggataatgagecagaaacagetgtttgtggaacageacaageactacctggacgaga
tcatcgagcagatcagcgagttctccaagagagtgatcctggecgacgctaatctggacaaagtgetgtecge
ctacaacaagcaccgggataagcccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaat
ctgggagceecctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccagcaccaaaga
ggtgctggacgecaccctgatccaccagageatcaccggectgtacgagacacggatcgacctgtetcagcet
gggagetgacTCCGGTGGCTCCTCAGGGGGATCTAAACGCACGGCCGA
TGGGTCCGAGTTTGAGTCTCCCAAGAAGAAAAGGAAAGTGAGTGG
TGGAAGTAGCGGCGGTAGCGCAGCTTCTCAGACCTCTCAAACAGT
AGCCTCTCATGTACCGTTCGCTGACTTGTGTTCTACGCTCGAACGC
ATCCAGAAATCAAAGGGGCGCGCCGAGAAAATCCGGCACTTCAG
AGAATTCTTGGATTCCTGGAGGAAGTTTCATGATGCTCTCCACAAA
AATCACAAAGATGTAACGGATAGTTTCTACCCTGCTATGAGACTT
ATACTGCCGCAGCTTGAGAGGGAACGCATGGCGTATGGTATAAAG
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GAGACAATGTTGGCGAAATTGTATATTGAGCTGCTGAACTTGCCA
AGAGATGGAAAGGACGCGCTCAAACTGCTGAACTATAGAACACC
CACGGGTACCCATGGTGACGCCGGTGACTTTGCCATGATCGCCTA
TTTCGTACTGAAACCTCGATGTCTTCAAAAAGGTTCTCTTACAATT
CAGCAAGTCAACGACCTGCTGGATTCAATTGCGAGTAACAACAGC
GCTAAGCGAAAGGATCTCATTAAGAAAAGCCTCCTGCAGCTGATA
ACTCAGTCCTCTGCACTCGAACAAAAATGGCTGATTCGGATGATT
ATCAAGGATTTGAAGTTGGGGGTATCTCAGCAAACTATTTTCAGC
GTGTTTCACAATGATGCAGCAGAATTGCATAATGTCACAACAGAT
CTTGAGAAAGTCTGCCGACAGTTGCACGACCCCTCTGTAGGCTTG
AGTGACATATCTATAACACTTTTTTCTGCGTTCAAACCCATGTTGG
CTGCTATTGCGGACATAGAACACATCGAGAAAGACATGAAACATC
AGTCATTCTATATAGAGACTAAATTGGACGGCGAGAGGATGCAAA
TGCACAAAGATGGTGATGTGTATAAATATTTTTCCCGCAACGGCT
ACAACTACACTGATCAATTCGGAGCGTCCCCAACTGAAGGGTCCC
TCACTCCTTTCATACACAATGCGTTTAAGGCCGATATTCAGATATG
TATCCTCGACGGCGAAATGATGGCGTACAATCCCAATACCCAGAC
CTTCATGCAAAAGGGAACGAAGTTCGATATTAAACGGATGGTTGA
AGATTCCGACCTCCAAACATGTTACTGTGTGTTTGATGTCCTGATG
GTGAATAACAAAAAACTCGGCCATGAAACCCTTCGAAAGCGATAC
GAAATACTCAGCAGTATATTTACTCCAATACCAGGCCGAATCGAG
ATCGTACAGAAAACACAAGCCCATACTAAGAATGAAGTTATTGAT
GCACTGAACGAAGCCATAGACAAGAGGGAAGAAGGCATAATGGT
CAAGCAGCCTCTGAGTATATATAAACCTGACAAAAGGGGGGAAG
GATGGCTGAAGATAAAGCCAGAATACGTGTCTGGTCTTATGGACG
AATTGGACATTCTCATCGTCGGAGGATATTGGGGTAAGGGTTCCA
GGGGGGGGATGATGTCCCACTTTCTGTGTGCGGTTGCCGAGAAAC
CGCCCCCAGGGGAAAAACCATCAGTGTITCCATACGTTGTCACGCG
TCGGCTCAGGTTGTACGATGAAGGAACTTTACGATCTGGGGTTGA
AACTCGCCAAATATTGGAAGCCATTCCATCGGAAAGCACCGCCCT
CTAGTATCTTGTGTGGGACGGAGAAGCCAGAAGTTTATATAGAGC
CATGTAACTCAGTAATTGTTCAAATCAAAGCCGCAGAGATCGTCC
CGTCAGACATGTACAAGACTGGATGCACCCTTAGATTTCCTCGCAT
CGAAAAAATAAGAGATGATAAAGAGTGGCATGAGTGCATGACTC
TTGACGACCTTGAACAGCTCCGCGGGAAGGCCAGCGGTAAACTGG
CTAGTAAGCACCTCTACATCGGGGGTGACtaa

T4-nCas9 | atgatgatccttaagattctcaacgaaatcgctagtatagggtccactaagcagaagcaggecatattggaaaa 151
aaataaggacaatgaacttttgaagagagtctatagactgacgtactctagggggctccagtactacatcaaga
aatggcctaaacctggceattgcgacgeagtcaticggtatgetgacattgacggatatgttggatttcattgagttt
acgctggcecaccagaaaacttacgggtaatgctgegatagaagaacttacagggtacataacagacgggaa
gaaagatgacgtggaagtgctcagacgagttatgatgcgegatetcgagtgeggegetagegtgtcaatege
gaacaaagtctggcccggcectcataccagageagecacagatgetggeatcttectatgacgaaaaaggeat
aaacaagaatattaaattcccggcecttcgetcaactcaaagcagatggtgccaggtgttttgccgaagticggg
gtgatgaacttgatgacgtgcggcetcttgtctagggcaggtaacgagtacctcggectggacttgcettaaagag
gaactgattaaaatgacagctgaggcegeggceagatacaccccgagggegtecttatcgacggggagetggt
gtatcacgaacaagttaaaaaggaaccggagggtcttgattttcttttcgacgegtatcctgagaacagcaagg
cgaaagaatttgcagaagttgcagaaagcaggaccgcaagtaatggaatcgctaataaaagectcaagggta
ccatcagcgaaaaagaagceccagtgcatgaaatttcaagtttgggactatgtccecttggtcgaaatttacteee
tgcccgeattccggetgaagtatgatgttcgettcagtaaactggageaaatgacgageggttatgataaggtta
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tacttattgagaatcaggtcgtaaataatttggacgaggcgaaagttatatacaaaaagtatatagaccaagggtt
ggaggooatcattttgaagaacatagacggactttgggagaacgeccggtccaagaatttgtataaattcaaag
aagtcatagatgttgacctcaagatagtaggtatatatccccacagaaaggacccaaccaaagcaggeggatt
cattttggagtccgagtgtgggaagataaaggtcaatgctggatctggactcaaggacaaagetggtatoaag
tcacatgaactggaccgaaccaggattatggagaatcagaactattacatcgggaagatattggagtatoaatg
caacggctggcttaaatcagatggaagaactgattacgttaaattgttcctgeccatagecatacgacteegega
ggacaaaacgaaggctaacacgtttgaagacgtattcggagatttccatgaggtgactggectttccggtggct
cctcagggggatctaaacgcacggcecgatgggtecgagtttgagtctcccaagaagaaaaggaaagtgagt
ggtogaagtageggcggtagegacaagaagtacageatcggectggacatcggeaccaactetgtgggcetg
ggccgtgatcaccgacgagtacaaggtgcccagcaagaaattcaaggtgctgggcaacaccgaccggeac
agcatcaagaagaacctgatcggagcecctgetgttcgacageggegaaacagecgaggecacccggetga
agagaaccgccagaagaagatacaccagacggaagaaccggatctgctatctgcaagagatcttcageaac
gagatggccaaggtggacgacagcttcttccacagactggaagagtcecttcctggtggaagaggataagaag
cacgagcggcaccccatcttcggeaacatcgtggacgaggtggcctaccacgagaagtaccccaccatcta
ccacctgagaaagaaactggtggacagcaccgacaaggccgacctgeggetgatctatctggecctggece
acatgatcaagttccggggccacttcctgatcgagggcgacctgaaccccgacaacagegacgtggacaag
ctgttcatccagctggtgcagacctacaaccagetgttcgaggaaaaccccatcaacgecageggegtggac
gccaaggccatcectgtetgecagactgageaagageagacggctggaaaatetgatcgeccagetgeccgg
cgagaagaagaatggcctgttcggaaacctgattgeectgagectgggcctgacceccaacttcaagageaa
cttcgacctggecgaggatgecaaactgcagetgagcaaggacacctacgacgacgacctggacaacctge
tggcccagatcggegaccagtacgecgacctgttictggecgecaagaacctgtecgacgecatectgetga
gcgacatcctgagagtgaacaccgagatcaccaaggeccccctgagegectctatgatcaagagatacgac
gagcaccaccaggacctgaccctgetgaaagetctegtgcggeageagetgectgagaagtacaaagagat
tttcttcgaccagagcaagaacggcetacgecggctacattgacggeggagecagecaggaagagttctacaa
gttcatcaagcccatcctggaaaagatggacggcaccgaggaactgetcgtgaagetgaacagagaggace
tgctgeggaagcageggaccticgacaacggeageatcccccaccagatccacctgggagagetgeacge
cattctgcggeggceaggaagatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgace
ttccgeatceectactacgtgggecctetggeccaggggaaacageagattcgectggatgaccagaaagage
gaggaaaccatcaccccctggaacttcgaggaagtggtggacaagggegcettccgeccagagettcatcga
gecggatgaccaacttcgataagaacctgcccaacgagaaggtgetgeccaageacagectgetgtacgagta
cttcaccgtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgagaaageccgecttectgag
cggcgagcagaaaaaggccatcgtggacctgetgtticaagaccaaccggaaagtgaccgtgaageagetg
aaagaggactacttcaagaaaatcgagtgcttcgactccgtggaaatctccggegtggaagatcggttcaacg
ccteectgggeacataccacgatetgetgaaaattatcaaggacaaggacttectggacaatgaggaaaacga
ggacattctggaagatatcgtgetgaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaa
acctatgcccacctgttcgacgacaaagtgatgaagcagetgaagcggeggagatacaccggetggggcag
gctgagecggaagetgatcaacggeatccgggacaageagtecggceaagacaatectggatttcctgaagte
cgacggcettcgecaacagaaacttcatgcagetgatccacgacgacagectgacctttaaagaggacatcca
gaaagcccaggtgtccggecagggegatagectgecacgageacattgecaatetggeeggeagecccgee
attaagaagggcatcctgcagacagtgaaggtggtggacgagcetcgtgaaagtgatgggecggeacaagee
cgagaacatcgtgatcgaaatggecagagagaaccagaccacccagaagggacagaagaacagecgega
gagaatgaagcggatcgaagagggcatcaaagagetgggcagecagatcctgaaagaacaccccgtggaa
aacacccagctgcagaacgagaagcetgtacctgtactacctgcagaatgggegggatatgtacgtggaccag
gaactggacatcaaccggctgtccgactacgatgtggacgctatcgtgectcagagcetttctgaaggacgact
ccatcgacaacaaggtgctgaccagaagcgacaagaaccggggcaagagegacaacgtgecctccgaag
aggtcgtgaagaagatgaagaactactggcggeagetgctgaacgecaagetgattacccagagaaagttcg
acaatctgaccaaggccgagagaggcggcctgagegaactggataaggccggcticatcaagagacagcet
ggtogaaacccggeagatcacaaagcacgtggeacagatectggactcccggatgaacactaagtacgacg
agaatgacaagctgatccgggoaagtgaaagtgatcaccctgaagtccaagetggtetecgatttccggaagg

-106-




WO 2023/086834 PCT/US2022/079567

SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

atttccagttttacaaagtgcgcgagatcaacaactaccaccacgeccacgacgectacctgaacgecgtegt
gggaaccgecctgatcaaaaagtaccctaagetggaaagegagticgtgtacggegactacaaggtgtacga
cgtgcggaagatgatcgecaagagegageaggaaatcggcaaggetaccgecaagtacttettctacagea
acatcatgaactttttcaagaccgagattaccctggccaacggegagatccggaageggectctgatcgagac
aaacggcgaaaccggggagatcgtgtegoataaggeccgggattttgccaccgtgecggaaagtgetgage
atgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggcggcticagcaaagagtctatectgece
aagaggaacagcgataagctgatcgccagaaagaaggactgggaccectaagaagtacggeggcttcgaca
gecccaccgtggcectattctgtgetggtggtggccaaagtggaaaagggcaagtccaagaaactgaagagtg
tgaaagagctgctggggatcaccatcatggaaagaageagcettcgagaagaatcccatcgacttictggaage
caagggctacaaagaagtgaaaaaggacctgatcatcaagcetgectaagtactecctgttcgagetggaaaac
ggccggaagagaatgetggcctetgecggegaactgcagaagggaaacgaactggecctgecctccaaat
atgtgaacttcctgtacctggecagecactatgagaagcetgaagggctecccccgaggataatgageagaaac
agctgtttgtggaacagcacaageactacctggacgagatcatcgagcagatcagegagttctccaagagagt
gatcctggecgacgctaatctggacaaagtgctgtccgectacaacaagecaccgggataageccatcagaga
gcaggccgagaatatcatccacctgtttaccctgaccaatctgggageccctgecgecttcaagtactttgaca
ccaccatcgaccggaagaggtacaccagcaccaaagaggtgctggacgecaccctgatccaccagageat
caccggcctgtacgagacacggatcgacctgtctcagetgggaggtgacaaacggacagecgacggaage
gagttcgagtcaccaaagaagaagcggaaagtctaa

SplintR- | atgatggcgataacgaagcccttgttggeagetacgttggaaaatattgaggacgtacagttcccatgecttge 152
nCas9 cactccgaagatcgatggaatccgatccgtgaaacagacacaaatgcettagcagaacattcaaacccatcagg
aacagcgtaatgaatagattgcttacggaactcttgecccgaagggtctgacggegagattageatcgaaggag
cgactttccaagatactacctcagcagttatgacgggacacaagatgtataatgcetaaattctcatattactggttt
gactatgttactgacgatcctttgaagaaatacatagacagggtigaagatatgaaaaattacataactgtccacc
ctcatatcctggagcatgcacaggtaaagattatcccgetcataccagtagaaattaacaatataaccgaattgtt
gcagtatgaacgcgatgtgctctctaaaggcettcgagggegtgatgataaggaagectgatggcaaatataag
ttcggtaggtccacattgaaagagggaattetettgaagatgaaacagtitaaggatgcggaagcetactatcatt
agtatgacggcactgtttaaaaacactaacactaaaaccaaggacaactttggctatagtaaaaggagcacac
acaaatcaggaaaagttgaggaggacgtaatgggcagtatagaggtagattacgatggtotggtgtttagcatt
ggaacgggcticgacgcetgaccageggagggacttttggcagaataaggaaagttacattggcaagatggtt
aaattcaaatacttcgagatgggctcaaaagactgtccgagatttcctgtgtitattggaatcagacacgaagag
gataggtCCGGTGGCTCCTCAgggggatctaaacgcacggecgatgggtccgagtttgagtcte
ccaagaagaaaaggaaagtgagtggtogaagtagcggcggtagecgacaagaagtacageatcggectgga
catcggcaccaactctgtgggctgggoccgtgatcaccgacgagtacaaggtgcccagecaagaaattcaaggt
gctgggceaacaccgaccggeacageatcaagaagaacctgatcggagecctgetgttcgacageggegaa
acagccgaggcecacccggcetgaagagaaccgecagaagaagatacaccagacggaagaaccggatctge
tatctgcaagagatcttcagcaacgagatggecaaggtggacgacagcttcttccacagactggaagagtect
tectggtggaagaggataagaagecacgageggeaccccatettcggeaacategtggacgaggtggectac
cacgagaagtaccccaccatctaccacctgagaaagaaactggtggacagcaccgacaaggecgacctge
ggctgatctatctggecectggeccacatgatcaagttccggggecacttectgatcgagggegacctgaacce
cgacaacagcgacgtggacaagcetgttcatccagetggtgeagacctacaaccagetgticgaggaaaacce
catcaacgccagcggcegtggacgecaaggecatectgtetgecagactgagcaagageagacggetggaa
aatctgatcgcccagetgeccggegagaagaagaatggcectgttcggaaacctgattgecctgagectgggc
ctgacccccaacttcaagagcaacttcgacctggecgaggatgecaaactgcagetgagcaaggacacctac
gacgacgacctggacaacctgctggeccagatcggegaccagtacgecgacctgtttctggecgecaagaa
cectgteccgacgecatcectgetgagegacatcctgagagtgaacaccgagatcaccaaggecccectgageg
cctctatgatcaagagatacgacgagcaccaccaggacctgaccctgetgaaagetetegtgeggeageage
tgcctgagaagtacaaagagattttcttcgaccagagcaagaacggcetacgecggctacattgacggeggag
ccagccaggaagagtictacaagttcatcaagcccatcctggaaaagatggacggeaccgaggaactgeteg
tgaagctgaacagagaggacctgctgcggaageageggaccttcgacaacggeageatcececccaccagat
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ccacctgggagagcetgeacgcecattctgeggeggcaggaagatttttacccattcctgaaggacaaccggga
aaagatcgagaagatcctgaccttccgeatceccctactacgtgggecctetggecaggggaaacageagatt
cgectggatgaccagaaagagcegaggaaaccatcaccecctggaacttcgaggaagtggtggacaagggc
gcttcecgeccagagcttcatcgageggatgaccaacttcgataagaacctgeccaacgagaaggtgetgece
aagcacagcctgetgtacgagtacttcaccgtgtataacgagetgaccaaagtgaaatacgtgaccgaggga
atgagaaagcccgecttectgageggegagceagaaaaaggecatcgtggacctgetgticaagaccaacceg
gaaagtgaccgtgaagcagctgaaagaggactacttcaagaaaatcgagtgcticgactccgtggaaatetee
ggcgtggaagatcggttcaacgectcectgggeacataccacgatctgetgaaaattatcaaggacaaggact
tcctggacaatgaggaaaacgaggacatictggaagatategtgcetgaccctgacactgtttgaggacagaga
gatgatcgaggaacggctgaaaacctatgeccacctgttcgacgacaaagtgatgaagceagcetgaageggc
ggagatacaccggetggggcaggctgagecggaagetgatcaacggceatccgggacaageagtecggea
agacaatcctggatttcctgaagtccgacggcttcgecaacagaaacttcatgcagetgatccacgacgacag
cctgacctttaaagaggacatccagaaageccaggtgteccggecagggegatagectgecacgageacattg
ccaatctggecggceagecccgecattaagaagggcatectgcagacagtgaaggtggtegacgagetegtg
aaagtgatgggccggcacaagcccgagaacatcgtgatcgaaatggecagagagaaccagaccacccaga
agggacagaagaacagcecgegagagaatgaageggatcgaagagggcatcaaagagetgggcagecag
atcctgaaagaacaccccgtggaaaacacccagetgcagaacgagaagetgtacctgtactacctgeagaat
gggcgggatatgtacgtggaccaggaactggacatcaaccggcetgtecgactacgatgtggacgetategtg
cctcagagctttctgaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaaccggggcaa
gagcgacaacgtgecctccgaagaggtegtgaagaagatgaagaactactggeggeagcetgetgaacgee
aagctgattacccagagaaagttcgacaatctgaccaaggecgagagaggeggectgagegaactggataa
ggeceggcettcatcaagagacagetggtggaaacccggeagatcacaaageacgtggceacagatectggact
cccggatgaacactaagtacgacgagaatgacaagetgatccgggaagtgaaagtgatcacectgaagteca
agctggtgtccgatttccggaaggatttccagttttacaaagtgcgegagatcaacaactaccaccacgeccac
gacgcctacctgaacgecgtcgtgggaaccgecctgatcaaaaagtaccctaagetggaaagegagttcgtg
tacggcgactacaaggtgtacgacgtgcggaagatgatcgecaagagegageaggaaatcggceaaggeta
ccgccaagtacttettctacagcaacatcatgaactttttcaagaccgagattaccctggecaacggegagatcc
ggaagcggcctctgatcgagacaaacggegaaaccggggagatcgtgtgggataagggccgggattttge
caccgtgcggaaagtgcetgageatgecccaagtgaatatcgtgaaaaagaccgaggtgcagacaggeggct
tcagcaaagagtctatcctgeccaagaggaacagcegataagetgatcgecagaaagaaggactgggaccect
aagaagtacggcggcttcgacagecccaccgtggectatictgtgetggtggtggccaaagtggaaaagggc
aagtccaagaaactgaagagtgtgaaagagetgctggggatcaccatcatggaaagaageagettcgagaa
gaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagetgectaag
tactccctgticgagctggaaaacggecggaagagaatgetggectetgecggegaactgcagaagggaaa
cgaactggcecctgecctccaaatatgtgaacttectgtacctggecagecactatgagaagetgaagggctee
cccgaggataatgagcagaaacagctgtttgtggaacagcacaageactacctggacgagatcatcgagea
gatcagcgagttctccaagagagtgatcctggccgacgcetaatctggacaaagtgctgtecgectacaacaag
caccgggataagcccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggagec
cctgecgecttcaagtactttgacaccaccatcgaccggaagaggtacaccagcaccaaagaggtgctggac
gccaccctgatccaccagagceatcaccggectgtacgagacacggatcgacctgtctcagetgggaggtga
caaacggacagccgacggaagcgagticgagtcaccaaagaagaagcggaaagtctaa

hLIG4(1- | ATGGCAGCTTCTCAGACCTCTCAAACAGTAGCCTCTCATGTACCGT 153
620)- TCGCTGACTTGTGTTCTACGCTCGAACGCATCCAGAAATCAAAGG
nCas9 | GGCGCGCCGAGAAAATCCGGCACTTCAGAGAATTCTTGGATTCCT
GGAGGAAGTTTCATGATGCTCTCCACAAAAATCACAAAGATGTAA
CGGATAGTTTCTACCCTGCTATGAGACTTATACTGCCGCAGCTTGA
GAGGGAACGCATGGCGTATGGTATAAAGGAGACAATGTTGGCGA
AATTGTATATTGAGCTGCTGAACTTGCCAAGAGATGGAAAGGACG
CGCTCAAACTGCTGAACTATAGAACACCCACGGGTACCCATGGTG
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ACGCCGGTGACTTTGCCATGATCGCCTATTTCGTACTGAAACCTCG
ATGTCTTCAAAAAGGTTCTCTTACAATTCAGCAAGTCAACGACCTG
CTGGATTCAATTGCGAGTAACAACAGCGCTAAGCGAAAGGATCTC
ATTAAGAAAAGCCTCCTGCAGCTGATAACTCAGTCCTCTGCACTC
GAACAAAAATGGCTGATTCGGATGATTATCAAGGATTTGAAGTTG
GGGGTATCTCAGCAAACTATTTTCAGCGTGTTTCACAATGATGCAG
CAGAATTGCATAATGTCACAACAGATCTTGAGAAAGTCTGCCGAC
AGTTGCACGACCCCTCTGTAGGCTTGAGTGACATATCTATAACACT
TTTTTCTGCGTTCAAACCCATGTTGGCTGCTATTGCGGACATAGAA
CACATCGAGAAAGACATGAAACATCAGTCATTCTATATAGAGACT
AAATTGGACGGCGAGAGGATGCAAATGCACAAAGATGGTGATGT
GTATAAATATTTTTCCCGCAACGGCTACAACTACACTGATCAATTC
GGAGCGTCCCCAACTGAAGGGTCCCTCACTCCTTTCATACACAAT
GCGTTTAAGGCCGATATTCAGATATGTATCCTCGACGGCGAAATG
ATGGCGTACAATCCCAATACCCAGACCTTCATGCAAAAGGGAACG
AAGTTCGATATTAAACGGATGGTTGAAGATTCCGACCTCCAAACA
TGTTACTGTGTGTTTGATGTCCTGATGGTGAATAACAAAAAACTCG
GCCATGAAACCCTTCGAAAGCGATACGAAATACTCAGCAGTATAT
TTACTCCAATACCAGGCCGAATCGAGATCGTACAGAAAACACAAG
CCCATACTAAGAATGAAGTTATTGATGCACTGAACGAAGCCATAG
ACAAGAGGGAAGAAGGCATAATGGTCAAGCAGCCTCTGAGTATA
TATAAACCTGACAAAAGGGGGGAAGGATGGCTGAAGATAAAGCC
AGAATACGTGTCTGGTCTTATGGACGAATTGGACATTCTCATCGTC
GGAGGATATTGGGGTAAGGGTTCCAGGGGGGGGATGATGTCCCAC
TTTCTGTGTGCGGTTGCCGAGAAACCGCCCCCAGGGGAAAAACCA
TCAGTGTTCCATACGTTGTCACGCGTCGGCTCAGGTTGTACGATGA
AGGAACTTTACGATCTGGGGTTGAAACTCGCCAAATATTGGAAGC
CATTCCATCGGAAAGCACCGCCCTCTAGTATCTTGTGTGGGACGG
AGAAGCCAGAAGTTTATATAGAGCCATGTAACTCAGTAATTGTTC
AAATCAAAGCCGCAGAGATCGTCCCGTCAGACATGTACAAGACTG
GATGCACCCTTAGATTTCCTCGCATCGAAAAAATAAGAGATGATA
AAGAGTGGCATGAGTGCATGACTCTTGACGACCTTGAACAGCTCC
GCGGGAAGGCCAGCGGTAAACTGGCTAGTAAGCACCTCTACATCG
GGGGTGACTCCGGTGGCTCCTCAGGGGGATCTAAACGCACGGCCG
ATGGGTCCGAGTTTGAGTCTCCCAAGAAGAAAAGGAAAGTGAGTG
GTGGAAGTAGCGGCGGTAGCgacaagaagtacagcatcggcctggacatcggeaccaac
tetgtgggctgggccgtgatcaccgacgagtacaaggtgeccagcaagaaattcaaggtectgggcaacac
cgaccggceacagcatcaagaagaacctgatcggagecctgctgticgacageggegaaacagecgaggcec
acccggcetgaagagaaccgecagaagaagatacaccagacggaagaaccggatctgctatctgcaagaga
tcttcagcaacgagatggccaaggtggacgacagcttcticcacagactggaagagtecttectggtggaaga
ggataagaagcacgagcggcaccccatcttcggcaacatcgtggacgaggtggectaccacgagaagtace
ccaccatctaccacctgagaaagaaactggtggacagcaccgacaaggecgacctgeggetgatctatctgg
ccctggeccacatgatcaagttccggggcecacttecctgatcgagggegacctgaaccccgacaacagegac
gtggacaagctgttcatccagetggtgcagacctacaaccagetgticgaggaaaaccecatcaacgecage
ggcgtggacgccaaggcecatcctgtetgecagactgagcaagageagacggcetggaaaatctgatcgeeca
getgeccggegagaagaagaatggectgttcggaaacctgattgecctgagectgggectgacceccaactt
caagagcaacttcgacctggecgaggatgccaaactgecagetgagcaaggacacctacgacgacgacctg
gacaacctgcetggeccagatcggegaccagtacgecgacctgtttictggecgecaagaacctgtecgacgee
atcctgetgagegacatcctgagagtgaacaccgagatcaccaaggeccccctgagegectctatgatcaag
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SEQ
Name Fusion protein polypeptide sequence or nucleic acid sequence 1D
NO:

agatacgacgagcaccaccaggacctgaccctgetgaaagetctegtgcggeageagetgectgagaagta
caaagagattttcttcgaccagagcaagaacggctacgecggctacattgacggcggagecagecaggaag
agttctacaagttcatcaagcccatcctggaaaagatggacggceaccgaggaactgetegtgaagetgaaca
gagaggacctgctgeggaageageggaccttcgacaacggceageatececcaccagatccacctgggaga
getgeacgcecattetgeggeggcaggaagatttttacccattcctgaaggacaaccgggaaaagatcgagaa
gatcctgaccttecgcatecccctactacgtgggccctetggeccaggggaaacageagattcgectggatgace
agaaagagcgaggaaaccatcacccectggaacttcgaggaagtggtggacaagggcgcttccgeccaga
gcettcatcgageggatgaccaacttcgataagaacctgeccaacgagaaggtgctgeccaagceacagectge
tgtacgagtacttcaccgtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagceccg
ccttectgageggegageagaaaaaggecatcgtggacctgetgticaagaccaaccggaaagtgaccgtg
aagcagctgaaagaggactacttcaagaaaatcgagtgeticgactccgtggaaatcteccggegtggaagate
ggttcaacgcctccctgggeacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatga
ggaaaacgaggacattctggaagatatcgtgctgaccetgacactgtttgaggacagagagatgatcgagga
acggctgaaaacctatgcccacctgttcgacgacaaagtgatgaagcagetgaageggcggagatacaccg
getgggocaggctgagecggaagetgatcaacggeatccgggacaageagtecggcaagacaatectgga
tttcctgaagtccgacggcttcgecaacagaaacttcatgcagetgatccacgacgacagectgacctttaaag
aggacatccagaaagcccaggtgtccggecagggcgatagectgecacgageacattgecaatctggecgg
cagccccgcecattaagaagggcatectgcagacagtgaaggtegtggacgagetegtgaaagtgatggoce
ggcacaagcccgagaacatcgtgatcgaaatggecagagagaaccagaccacccagaagggacagaaga
acagccgcgagagaatgaageggatcgaagagggcatcaaagagetgggcagecagatcctgaaagaac
accccgtggaaaacacccagetgcagaacgagaagetgtacctgtactacctgecagaatgggcgggatatgt
acgtggaccaggaactggacatcaaccggcetgteccgactacgatgtggacgcetategtgectcagagetttct
gaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaaccggggcaagagegacaacgt
gecctecgaagaggtcgtgaagaagatgaagaactactggeggceagetgetgaacgecaagetgattacee
agagaaagttcgacaatctgaccaaggccgagagaggceggcctgagegaactggataaggecggcettcate
aagagacagctggtggaaacccggeagatcacaaageacgtggcacagatcctggactcccggatgaaca
ctaagtacgacgagaatgacaagctgatccgggaagtgaaagtgatcaccctgaagtccaagetggtgtecg
atttccggaaggatttccagttttacaaagtgcgegagatcaacaactaccaccacgeccacgacgectacctg
aacgccegtegtgggaaccgecctgatcaaaaagtaccctaagetggaaagegagttcgtgtacggegactac
aaggtgtacgacgtgcggaagatgatcgccaagagegagcaggaaatcggeaaggetaccgecaagtactt
cttctacagcaacatcatgaactttttcaagaccgagattaccctggecaacggcgagatccggaageggcect
ctgatcgagacaaacggcgaaaccggggagatcgtgtoogataagggoccgggattttgccaccgtgeggaa
agtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggcggcticagcaaagagt
ctatcctgeccaagaggaacagegataagcetgatcgecagaaagaaggactgggaccctaagaagtacgge
ggcttcgacagecccaccgtggectattctgtactggtggtegoccaaagtggaaaagggcaagtccaagaaa
ctgaagagtgtgaaagagetgetggggatcaccatcatggaaagaageageticgagaagaatcecatcgac
tttctggaagccaagggcetacaaagaagtgaaaaaggacctgatcatcaagetgectaagtacteectgticga
gcetggaaaacggecggaagagaatgetggectctgecggegaactgecagaagggaaacgaactggecctg
ccctccaaatatgtgaacttcctgtacctggecagecactatgagaagcetgaagggcetcccccgaggataatg
agcagaaacagctgtttgtggaacagcacaagcactacctggacgagatcatcgagcagatcagegagttct
ccaagagagtgatcctggecgacgctaatctggacaaagtgetgteccgectacaacaageaccgggataage
ccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggagecccetgecgecttcaa
gtactttgacaccaccatcgaccggaagaggtacaccagcaccaaagaggtgctggacgecaccctgatce
accagagcatcaccggcectgtacgagacacggatcgacctgtctcagetgggaggtgacaaacggacagee
gacggaagcgagttcgagtcaccaaagaagaagcggaaagtctaa

[00147] Disclosed herein are protein complexes comprising: an RNA-guided endonuclease

bound to a ligase. The endonuclease and the ligase may be bound together through
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heterodimerization domains. The heterodimerization domains may include one or more of
leucine zippers, PDZ domains, streptavidin and streptavidin binding protein, foldon domains,
hydrophobic polypeptides, an antibody that binds the Cas nickase, or an antibody that binds the
ligase, or one or more binding fragments thereof.

[00148] In some aspects, the system comprises at least one donor strand. In some aspects, the
donor strand comprises a nucleic acid sequence that is at least partially homologous to the
genomic locus targeted by the at least one guide nucleic acid. In some aspects, the donor strand
comprises a nucleic acid sequence that is not homologous to the genomic locus targeted by the
at least one guide nucleic acid. In some aspects, the donor strand is a single-stranded or a
double-stranded nucleic acid. In some aspects, the donor strand comprising double-stranded
nucleic acid comprises at least one overhang. In some aspects, the overhang comprises a guide
binding site that is at least partially complementary to a guide nucleic acid. In some aspects, the
overhang comprises a genomic flap binding site that is at least partially identical or
complementary to a genomic flap at or adjacent to the genomic locus. In some aspects, the
donor strand comprises two overhangs, where the first overhang: comprises a first guide
binding site that is at least partially complementary to a first guide nucleic acid; or a first
genomic flap binding site that is at least partially identical or complementary to a first genomic
flap at or adjacent to the genomic locus; and the second overhang: comprises a second guide
binding site that is at least partially complementary to a second guide nucleic acid; or a second
genomic flap binding site that is at least partially identical or complementary to a second
genomic flap at or adjacent to the genomic locus. In some aspects, the donor strand corrects at
least one genetic mutation in the at least one genomic locus. In some aspects, the donor strand
comprises a coding sequence. In some aspects, the coding sequence encodes a full length
protein or a fragment thereof. In some aspects, the donor strand comprises a non-coding
sequence. In some aspects, the non-coding sequence knocks out an endogenous gene. In some
aspects, the non-coding sequence comprises a regulatory element.

[00149] In some aspects, the system comprises a nuclease. The nuclease may be heterologous.
In some aspects, the nuclease comprises an exonuclease for digesting the genomic flap. In some
aspects, the exonuclease is a 5 exonuclease. Non-limiting example of the exonuclease can
include a human flap endonuclease 1 (hFEN1), a human exonuclease 5 (hREXOS5), a TS
exonuclease, a T7 exonuclease, an exonuclease VIII, a flap endonuclease domain of E. coli
Poll, a RecJF, a Lambda exonuclease, a Xni (ExoIXI), a SaFEN (Staphylococcus aureus FEN),
anuclease BAL-31, or a fragment thereof. In some aspects, the exonuclease comprises an

exonuclease in Table 10. In some aspects, the exonuclease comprises a polypeptide sequence at
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least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or
more identical to the polypeptide sequence of any one of the exonuclease in Table 10.

Table 10. Non-limiting examples of exonuclease polypeptide sequence

SEQ ID

Name Exonuclease polypeptide sequence NO:

hFENI | MGIQGLAKLIADVAPSAIRENDIKSYFGRKVAIDASMSIYQF 212
LIAVRQGGDVLQNEEGETTSHLMGMFYRTIRMMENGIKPV
YVFDGKPPQLKSGELAKRSERRAEAEKQLQQAQAAGAEQE
VEKFTKRLVKVTKQHNDECKHLLSLMGIPYLDAPSEAEASC
AALVKAGKVYAAATEDMDCLTFGSPVLMRHLTASEAKKL
PIQEFHLSRILQELGLNQEQFVDLCILLGSDYCESIRGIGPKR
AVDLIQKHKSIEEIVRRLDPNK YPVPENWLHKEAHQLFLEPE
VLDPESVELKWSEPNEEELIKFMCGEKQFSEERIRSGVKRLS
KSRQGSTQGRLDDFFKVTGSLSSAKRKEPEPKGSTKKKAKT
GAAGKFKRGK

hFenl (I- | MGIQGLAKLIADVAPSAIRENDIKSYFGRKVAIDASMSIYQF 213

333 LIAVRQGGDVLQNEEGETTSHLMGMFYRTIRMMENGIKPV
YVFDGKPPQLKSGELAKRSERRAEAEKQLQQAQAAGAEQE
VEKFTKRLVKVTKQHNDECKHLLSLMGIPYLDAPSEAEASC
AALVKAGKVYAAATEDMDCLTFGSPVLMRHLTASEAKKL
PIQEFHLSRILQELGLNQEQFVDLCILLGSDYCESIRGIGPKR
AVDLIQKHKSIEEIVRRLDPNK YPVPENWLHKEAHQLFLEPE
VLDPESVELKWSEPNEEELIKFMCGEKQFSEERIRSGVKRLS
KSRQ

hEXO5 MAETREEETVSAEASGFSDLSDSEFLEFLDLEDAQESKALYV 214
NMPGPSSESLGKDDKPISLQNWKRGLDILSPMERFHLKYLY
VIDLATQNWCELQTAYGKELPGFLAPEKAAVLDTGASIHL
ARELELHDLVTVPVTTKEDAWAIKFLNILLLIPTLQSEGHIRE
FPVFGEGEGVLLVGVIDELHYTAKGELELAELKTRRRPMLP
LEAQKKKDCFQVSLYKYIFDAMVQGKVTPASLIHHTKLCLE
KPLGPSVLRHAQQGGFSVKSLGDLMEL VFLSLTLSDLPVIDI
LKIEYIHQETATVLGTEIVAFKEKEVRAKVQHYMAYWMGH
REPQGVDVEEAWKCRTCTYADICEWRKGSGVLSSTLAPQV
KKAK

T5 EXO MSKSWGKFIEEEEAEMASRRNLMIVDGTNLGFRFKHNNSK 215
KPFASSYVSTIQSLAKSYSARTTIVLGDKGKSVFRLEHLPEY

KGNRDEKYAQRTEEEKALDEQFFEYLKDAFELCKTTFPTFTI
RGVEADDMAAYIVKLIGHLYDHVWLISTDGDWDTLLTDKV
SRESFTTRREYHLRDMYEHHNVDDVEQFISLKAIMGDLGDN
IRGVEGIGAKRGYNIIREFGNVLDIIDQLPLPGKQKYIQNLNA
SEELLFRNLILVDLPTYCVDAIAAVGQDVLDKFTKDILEIAE

Q

T7EXO MALLDLKQFYELREGCDDKGILVMDGDWLVFQAMSAAEF 216
DASWEEEIWHRCCDHAKARQILEDSIKSYETRKKAWAGAPI
VLAFTDSVNWRKELVDPNYKANRKAVKKPVGYFEFLDALF
EREEFYCIREPMLEGDDVMGVIASNPSAFGARKAVIISCDKD
FKTIPNCDFLWCTTGNILTQTEESADWWHLFQTIKGDITDG
YSGIAGWGDTAEDFLNNPFITEPKTSVLKSGKNKGQEVTKW
VKRDPEPHETLWDCIKSIGAKAGMTEEDIIKQGQMARILRF
NEYNFIDKEIYLWRP
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Name

Exonuclease polypeptide sequence

SEQ ID
NO:

EXO VIII
(RecE)

MSTKPLFLLRKAKKSSGEPDVVLWASNDFESTCATLDYLIV
KSGKKLSSYFKAVATNFPVVNDLPAEGEIDFTWSERYQLSK
DSMTWELKPGAAPDNAHYQGNTNVNGEDMTEIEENMLLPI
SGQELPIRWLAQHGSEKPVTHVSRDGLQALHIARAEELPAV
TALAVSHKTSLLDPLEIRELHKLVRDTDK VFPNPGNSNLGLI
TAFFEAYLNADYTDRGLLTKEWMKGNRVSHITRTASGANA
GGGNLTDRGEGFVHDLTSLARDVATGVLARSMDLDIYNLH
PAHAKRIEEITAENKPPFSVFRDKFITMPGGLDYSRAIVVASV
KEAPIGIEVIPAHVTEYLNKVLTETDHANPDPEIVDIACGRSS
APMPQRVTEEGKQDDEEKPQPSGTTAVEQGEAETMEPDAT
EHHQDTQPLDAQSQVNSVDAKYQELRAELHEARKNIPSKN
PVDDDKLLAASRGEFVDGISDPNDPKWVKGIQTRDCVYQN
QPETEKTSPDMNQPEPVVQQEPEIACNACGQTGGDNCPDCG
AVMGDATYQETFDEESQVEAKENDPEEMEGAEHPHNENA
GSDPHRDCSDETGEVADPVIVEDIEPGIY YGISNENYHAGPG
ISKSQLDDIADTPALYLWRKNAPVDTTKTK TLDLGTAFHCR
VLEPEEFSNRFIVAPEFNRRTNAGKEEEKAFLMECASTGKTV
ITAEEGRKIELMYQSVMALPLGQWLVESAGHAESSIYWEDP
ETGILCRCRPDKIIPEFHWIMDVKTTADIQRFKTAYYDYRYH
VQDAFYSDGYEAQFGVQPTFVFLVASTTIECGRYPVEIFMM
GEEAKLAGQQEYHRNLRTLSDCLNTDEWPAIKTLSLPRWA
KEYAND

217

EXO VIIL,
truncated

EHPHNENAGSDPHRDCSDETGEVADPVIVEDIEPGIYYGISN
ENYHAGPGISKSQLDDIADTPALYLWRKNAPVDTTKTKTLD
LGTAFHCRVLEPEEFSNRFIVAPEFNRRTNAGKEEEKAFLME
CASTGKTVITAEEGRKIELMYQSVMALPLGQWLVESAGHA
ESSIYWEDPETGILCRCRPDKIIPEFHWIMDVKTTADIQRFKT
AYYDYRYHVQDAFYSDGYEAQFGVQPTFVFLVASTTIECG
RYPVEIFMMGEEAKLAGQQEYHRNLRTLSDCLNTDEWPAI
KTLSLPRWAKEYAND

218

Flap endo
domain of E
coli Poll

VQIPQNPLILVDGSSYLYRAYHAFPPLTNSAGEPTGAMYGV
LNMLRSLIMQYKPTHAAVVFDAKGKTFRDELFEHYKSHRP
PMPDDLRAQIEPLHAMVKAMGLPLLAVSGVEADDVIGTLA
REAEKAGRPVLISTGDKDMAQLVTPNITLINTMTNTILGPEE
VVNKYGVPPELIIDFLALMGDSSDNIPGVPGVGEKTAQALL
QGLGGLDTLYAEPEKIAGLSFRGAKTMAAKLEQNKEVAYL
SYQLATIKTDVELELTCEQLEVQQPAAEELLGLFKKYEFKR
WTADVEAGKWLQAKGAKPAAKPQETSVADEAPEVTATVI

219

Rec)

MKQQIQLRRREVDETADLPAELPPLLRRLYASRGVRSAQEL
ERSVKGMLPWQQLSGVEKAVEILYNAFREGTRIIVVGDFDA
DGATSTALSVLAMRSLGCSNIDYLVPNRFEDGYGLSPEVVD
QAHARGAQLIVTVDNGISSHAGVEHARSLGIPVIVTDHHLP
GDTLPAAEAIINPNLRDCNFPSKSLAGVGVAFYLMLALRTFL
RDQGWFDERNIAIPNLAELLDLVALGTVADVVPLDANNRIL
TWQGMSRIRAGKCRPGIKALLEVANRDAQKLAASDLGFAL
GPRLNAAGRLDDMSVGVALLLCDNIGEARVLANELDALNQ
TRKEIEQGMQIEALTLCEKLERSRDTLPGGLAMYHPEWHQG
VVGILASRIKERFHRPVIAFAPAGDGTLKGSGRSIQGLHMRD
ALERLDTLYPGMMLKFGGHAMAAGLSLEEDKFKLFQQRFG
ELVTEWLDPSLLQGEVVSDGPLSPAEMTMEVAQLLRDAGP

220
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Name Exonuclease polypeptide sequence Sl;%:n)
WGQMFPEPLFDGHFRLLQQRLVGERHLKVMVEPVGGGPLL
DGIAFNVDTALWPDNGVREVQLAYKLDINEFRGNRSLQIIID
NIWPI
Lambda exo | MTPDIILQRTGIDVRAVEQGDDAWHKILRLGVITASEVHNVI 154
AKPRSGKKWPDMKMSYFHTLLAEVCTGVAPEVNAKALAW
GKQYENDARTLFEFTSGVNVTESPIIYRDESMRTACSPDGLC
SDGNGLELKCPFTSRDFMKFRLGGFEAIKSAYMAQVQYSM
WVTRKNAWYFANYDPRMKREGLHYVVIERDEKYMASFDE
IVPEFIEKMDEALAEIGFVFGEQWR
Xni MAVHLLIVDALNLIRRIHAVQGSPCVETCQHALDQLIMHSQ 155
(ExoIXI) PTHAVAVFDDENRSSGWRHQRLPDYKAGRPPMPEELHDEM
from E coli | PALRAAFEQRGVPCWSTSGNEADDLAATLAVKVTQAGHQ
ATIVSTDKGYCQLLSPTLRIRDYFQKRWLDAPFIDKEFGVQP
QQLPDYWGLAGISSSKVPGVAGIGPKSATQLLVEFQSLEGIY
ENLDAVAEKWRKKLETHKEMAFLCRDIARLQTDLHIDGNL
QQLRLVR
SaFEN MPNKILLVDGMALLFRHFYATSLHKQFMYNSQGVPTNGIQ 156
(Staph GFVRHIFSAIHEIRPTHVAVCWDMGQSTFRNDMFDGYKQN
aureus) RSAPPEELIPQFDY VKEISEQFGFVNIGVKNYEADDVIGTLA

QQYSTDNDVYITGDKDLLQCINDNVEVWLIKKGFNIYNRY
TLHRFNEEYALEPQQLIDIKAFMGDTADGYAGVKGIGEKTA
IKLIQQYQSVENVVENIDALSAGQRNKINDNLDELYLSKRL
AEIHTQVPIDSEALFEKMSFATTLNHILSICNEHELHVSGKYI
SSHF

[00150] In some aspects, the system comprises at least one additional endonuclease that is

different from the at least one programmable endonuclease described herein. In some aspects,

the at least one additional endonuclease can digest the genomic flap.

[00151] In some aspects, the system comprises a dominant negative MMR peptide to improve

genomic editing capability, particularly in cells which overexpress the MMR pathway. In some

aspects, the dominant negative MMR peptide can be delivered as a fusion (e.g., fused with any

component of the system described herein), recruited, or as separate peptide. Table 11 lists non-

limiting examples of the MMR peptide sequences.
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Name

MMR peptide sequence

SEQ
ID
NO:

MLH

MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKEMIENCLDAKSTSIQVI
VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT
QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ
GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS
NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE
ISPQNVDVNVHPTKHEVHFLHEESILER VQQHIESKLLGSNSSRMYFTQT
LLPGLAGPSGEMVKSTTSLTSSSTSGSSDKVYAHQMVRTDSREQKLDA
FLQPLSKPLSSQPQAIVTEDK TDISSGRARQQDEEMLELPAPAEVAAKN
QSLEGDTTKGTSEMSEKRGPTSSNPRKRHREDSDVEMVEDDSRKEMTA
ACTPRRRIINLTSVLSLQEEINEQGHEVLREMLHNHSFVGCVNPQWALA
QHQTKLYLLNTTKLSEELFYQILTYDFANFGVLRLSEPAPLFDLAMLAL
DSPESGWTEEDGPKEGLAEYIVEFLKKKAEMLADYFSLEIDEEGNLIGL
PLLIDNYVPPLEGLPIFILRLATEVNWDEEKECFESLSKECAMFYSIRKQ
YISEESTLSGQQSEVPGSIPNSWKWTVEHIVYKALRSHILPPKHFTEDGN
ILQLANLPDLYKVFERC

157

MLH

E34A

MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKAMIENCLDAKSTSIQVI
VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT
QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ
GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS
NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE
ISPQNVDVNVHPTKHEVHFLHEESILER VQQHIESKLLGSNSSRMYFTQT
LLPGLAGPSGEMVKSTTSLTSSSTSGSSDKVYAHQMVRTDSREQKLDA
FLQPLSKPLSSQPQAIVTEDK TDISSGRARQQDEEMLELPAPAEVAAKN
QSLEGDTTKGTSEMSEKRGPTSSNPRKRHREDSDVEMVEDDSRKEMTA
ACTPRRRIINLTSVLSLQEEINEQGHEVLREMLHNHSFVGCVNPQWALA
QHQTKLYLLNTTKLSEELFYQILTYDFANFGVLRLSEPAPLFDLAMLAL
DSPESGWTEEDGPKEGLAEYIVEFLKKKAEMLADYFSLEIDEEGNLIGL
PLLIDNYVPPLEGLPIFILRLATEVNWDEEKECFESLSKECAMFYSIRKQ
YISEESTLSGQQSEVPGSIPNSWKWTVEHIVYKALRSHILPPKHFTEDGN
ILQLANLPDLYKVFERC

158

MLH

del75
4-756

MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKEMIENCLDAKSTSIQVI
VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT
QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ
GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS
NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE
ISPQNVDVNVHPTKHEVHFLHEESILER VQQHIESKLLGSNSSRMYFTQT
LLPGLAGPSGEMVKSTTSLTSSSTSGSSDKVYAHQMVRTDSREQKLDA
FLQPLSKPLSSQPQAIVTEDK TDISSGRARQQDEEMLELPAPAEVAAKN
QSLEGDTTKGTSEMSEKRGPTSSNPRKRHREDSDVEMVEDDSRKEMTA
ACTPRRRIINLTSVLSLQEEINEQGHEVLREMLHNHSFVGCVNPQWALA
QHQTKLYLLNTTKLSEELFYQILIYDFANFGVLRLSEPAPLFDLAMLAL
DSPESGWTEEDGPKEGLAEYIVEFLKKKAEMLADYFSLEIDEEGNLIGL
PLLIDNYVPPLEGLPIFILRLATEVNWDEEKECFESLSKECAMFYSIRKQ

159
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SEQ
Name MMR peptide sequence D
NO:

YISEESTLSGQQSEVPGSIPNSWKWTVEHIVYKALRSHILPPKHFTEDGN
ILQLANLPDLYKVF

MLH | MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKAMIENCLDAKSTSIQVI | 160
1 | VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
E34A | GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT
del | QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ
754- | GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS
756 | NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE
ISPQNVDVNVHPTKHEVHFLHEESILER VQQHIESKLLGSNSSRMYFTQT
LLPGLAGPSGEMVKSTTSLTSSSTSGSSDKVYAHQMVRTDSREQKLDA
FLQPLSKPLSSQPQAIVTEDK TDISSGRARQQDEEMLELPAPAEVAAKN
QSLEGDTTKGTSEMSEKRGPTSSNPRKRHREDSDVEMVEDDSRKEMTA
ACTPRRRIINLTSVLSLQEEINEQGHEVLREMLHNHSFVGCVNPQWALA
QHQTKLYLLNTTKLSEELFYQILIYDFANFGVLRLSEPAPLFDLAMLAL
DSPESGWTEEDGPKEGLAEYIVEFLKKKAEMLADYFSLEIDEEGNLIGL
PLLIDNYVPPLEGLPIFILRLATEVNWDEEKECFESLSKECAMFYSIRKQ
YISEESTLSGQQSEVPGSIPNSWKWTVEHIVYKALRSHILPPKHFTEDGN
ILQLANLPDLYKVFE

MLH | MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKEMIENCLDAKSTSIQVI 16l
11- | VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
335 | GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT

QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ

GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS

NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE

ISPONVDVNVHPTKHEVHFLHEESILERVQQHIESKLL

MLH | MSFVAGVIRRLDETVVNRIAAGEVIQRPANAIKAMIENCLDAKSTSIQVI 162
11- | VKEGGLKLIQIQDNGTGIRKEDLDIVCERFTTSKLQSFEDLASISTYGFR
335 | GEALASISHVAHVTITTKTADGKCAYRASYSDGKLKAPPKPCAGNQGT

E34A | QITVEDLFYNIATRRKALKNPSEEYGKILEVVGRYSVHNAGISFSVKKQ

GETVADVRTLPNASTVDNIRSIFGNAVSRELIEIGCEDKTLAFKMNGYIS

NANYSVKKCIFLLFINHRLVESTSLRKAIETVYAAYLPKNTHPFLYLSLE

ISPONVDVNVHPTKHEVHFLHEESILERVQQHIESKLL

MSH2 | MAVQPKETLQLESAAEVGFVRFFQGMPEKPTTTVRLFDRGDFYTAHGE | 163
DALLAAREVFKTQGVIKYMGPAGAKNLQSVVLSKMNFESFVKDLLLV
RQYRVEVYKNRAGNKASKENDWYLAYKASPGNLSQFEDILFGNNDMS
ASIGVVGVKMSAVDGQRQVGVGY VDSIQRKLGLCEFPDNDQFSNLEA
LLIQIGPKECVLPGGETAGDMGKLRQIIQRGGILITERKKADFSTKDIYQ
DLNRLLKGKKGEQMNSAVLPEMENQVAVSSLSAVIKFLELLSDDSNFG
QFELTTFDFSQYMKLDIAAVRALNLFQGSVEDTTGSQSLAALLNKCKTP
QGQRLVNQWIKQPLMDKNRIEERLNLVEAFVEDAELRQTLQEDLLRRF
PDLNRLAKKFQRQAANLQDCYRLYQGINQLPNVIQALEKHEGKHQKL
LLAVFVTPLTDLRSDFSKFQEMIETTLDMDQVENHEFLVKPSFDPNLSE
LREIMNDLEKKMQSTLISAARDLGLDPGKQIKLDSSAQFGYYFRVTCKE
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SEQ
Name MMR peptide sequence D
NO:

EKVLRNNKNFSTVDIQKNGVKFTNSKLTSLNEEYTKNKTEYEEAQDAI
VKEIVNISSGYVEPMQTLNDVLAQLDAVVSFAHVSNGAPVPYVRPAILE
KGQGRILKASRHACVEVQDEIAFIPNDVYFEKDKQMFHIITGPNMGGK
STYIRQTGVIVLMAQIGCFVPCESAEVSIVDCILARVGAGDSQLKGVSTF
MAEMLETASILRSATKDSLIIIDELGRGTSTYDGFGLAWAISEYIATKIGA
FCMFATHFHELTALANQIPTVNNLHVTALTTEETLTMLY QVKKGVCDQ
SFGIHVAELANFPKHVIECAKQKALELEEFQYIGESQGYDIMEPAAKKC
YLEREQGEKHQEFLSKVKQMPFTEMSEENITIKLKQLKAEVIAKNNSFV
NEIISRIKVTT

MSH2 | MAVQPKETLQLESAAEVGFVRFFQGMPEKPTTTVRLFDRGDFYTAHGE | 164
G674 | DALLAAREVFKTQGVIKYMGPAGAKNLQSVVLSKMNFESFVKDLLLV
A | RQYRVEVYKNRAGNKASKENDWYLAYKASPGNLSQFEDILFGNNDMS
ASIGVVGVKMSAVDGQRQVGVGY VDSIQRKLGLCEFPDNDQFSNLEA
LLIQIGPKECVLPGGETAGDMGKLRQIIQRGGILITERKKADFSTKDIYQ
DLNRLLKGKKGEQMNSAVLPEMENQVAVSSLSAVIKFLELLSDDSNFG
QFELTTFDFSQYMKLDIAAVRALNLFQGSVEDTTGSQSLAALLNKCKTP
QGQRLVNQWIKQPLMDKNRIEERLNLVEAFVEDAELRQTLQEDLLRRF
PDLNRLAKKFQRQAANLQDCYRLYQGINQLPNVIQALEKHEGKHQKL
LLAVFVTPLTDLRSDFSKFQEMIETTLDMDQVENHEFLVKPSFDPNLSE
LREIMNDLEKKMQSTLISAARDLGLDPGKQIKLDSSAQFGYYFRVTCKE
EKVLRNNKNFSTVDIQKNGVKFTNSKLTSLNEEYTKNKTEYEEAQDALI
VKEIVNISSGYVEPMQTLNDVLAQLDAVVSFAHVSNGAPVPYVRPAILE
KGQGRIILKASRHACVEVQDEIAFIPNDVYFEKDKQMFHIITGPNMGAK
STYIRQTGVIVLMAQIGCFVPCESAEVSIVDCILARVGAGDSQLKGVSTF
MAEMLETASILRSATKDSLIIIDELGRGTSTYDGFGLAWAISEYIATKIGA
FCMFATHFHELTALANQIPTVNNLHVTALTTEETLTMLYQVKKGVCDQ
SFGIHVAELANFPKHVIECAKQKALELEEFQYIGESQGYDIMEPAAKKC
YLEREQGEKIIQEFLSK VKQMPFTEMSEENITIKLKQLKAEVIAKNNSFV
NEIISRIKVTT

MSH2 | MAVQPKETLQLESAAEVGFVRFFQGMPEKPTTTVRLFDRGDFYTAHGE | 165
N6711 | DALLAAREVFKTQGVIKYMGPAGAKNLQSVVLSKMNFESFVKDLLLV
RQYRVEVYKNRAGNKASKENDWYLAYKASPGNLSQFEDILFGNNDMS
ASIGVVGVKMSAVDGQRQVGVGY VDSIQRKLGLCEFPDNDQFSNLEA
LLIQIGPKECVLPGGETAGDMGKLRQIIQRGGILITERKKADFSTKDIYQ
DLNRLLKGKKGEQMNSAVLPEMENQVAVSSLSAVIKFLELLSDDSNFG
QFELTTFDFSQYMKLDIAAVRALNLFQGSVEDTTGSQSLAALLNKCKTP
QGQRLVNQWIKQPLMDKNRIEERLNLVEAFVEDAELRQTLQEDLLRRF
PDLNRLAKKFQRQAANLQDCYRLYQGINQLPNVIQALEKHEGKHQKL
LLAVFVTPLTDLRSDFSKFQEMIETTLDMDQVENHEFLVKPSFDPNLSE
LREIMNDLEKKMQSTLISAARDLGLDPGKQIKLDSSAQFGY YFRVTCKE
EKVLRNNKNFSTVDIQKNGVKFTNSKLTSLNEEYTKNKTEYEEAQDAI
VKEIVNISSGY VEPMQTLNDVLAQLDAVVSFAHVSNGAPVPYVRPAILE
KGQGRIILKASRHACVEVQDEIAFIPNDVYFEKDKQMFHIITGPIMGGKS
TYIRQTGVIVLMAQIGCFVPCESAEVSIVDCILARVGAGDSQLKGVSTF
MAEMLETASILRSATKDSLIIDELGRGTSTYDGFGLAWAISEYIATKIGA
FCMFATHFHELTALANQIPTVNNLHVTALTTEETLTMLYQVKKGVCDQ
SFGIHVAELANFPKHVIECAKQKALELEEFQYIGESQGYDIMEPAAKKC
YLEREQGEKIIQEFLSK VKQMPFTEMSEENITIKLKQLKAEVIAKNNSFV
NEIISRIKVTT
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[00152] The system may relate to a 1-sided Replacer 1. Some aspects include a system
comprising: (a) at least one RNA-guided endonuclease; (b) at least one guide nucleic acid
comprising: (i) a spacer complementary to a genomic locus in a cell, (ii) a scaffold for
complexing with the at least one RNA-guided endonuclease, (iii) an optional donor binding site
that is at least partially complementary to an integrating nucleic acid, and (iv) a flap binding
site that is at least partially identical or complementary to a genomic flap at or adjacent to the
genomic locus; and (c) at least one DNA ligase; and (d) the integrating nucleic acid, optionally
comprising a guide binding site that is at least partially complementary to the at least one guide
nucleic acid, wherein the at least one RNA-guided endonuclease cleaves at least one strand of
the genomic locus, and wherein the at least one DNA ligase ligates an end of the integrating
nucleic acid to the genomic flap site, thereby replacing a region of the genomic locus with the
integrating nucleic acid in the cell. The integrating nucleic acid may comprise a single-stranded
DNA.

[00153] The system may relate to a 2-sided Replacer 1. Some aspects include a system
comprising: (a) at least one RNA-guided endonuclease comprising a first RNA-guided
endonuclease and an optional second RNA-guided endonuclease; (b) at least one guide nucleic
acid comprising a first guide nucleic acid and a second guide nucleic acid, the first guide
nucleic acid comprising: (i) a first spacer complementary to a first region of a genomic locus in
a cell, (ii) a first scaffold for complexing with the first RNA-guided endonuclease, and (iii) an
optional first donor binding site that at least partially complementary to an integrating nucleic
acid, and (iv) a first flap binding site that is at least partially identical or complementary to a
first genomic flap at or adjacent to the genomic locus; and the second guide nucleic acid
comprising: (i) a second spacer complementary to a second region of the genomic locus in the
cell, (ii) a second scaffold for complexing with the first or second RNA-guided endonuclease,
(iii) an optional second donor binding site that at least partially complementary to the
integrating nucleic acid, and (iv) a second flap binding site that is at least partially identical or
complementary to a second genomic flap at or adjacent to the genomic locus; (c) at least one
DNA ligase comprising a first DNA ligase and an optional second DNA ligase; and (d) at least
one integrating nucleic acid comprising a first strand and a second strand: (i) wherein the first
strand comprises an optional first guide binding site that is at least partially complementary to
the first guide nucleic acid, and (ii) wherein the second strand comprises an optional second
guide binding site that is at least partially complementary to the second guide nucleic acid,
wherein the first RNA-guided endonuclease and/or the second RNA-guided endonuclease each
cleaves at least one strand of the genomic locus in the cell; and wherein the first DNA ligase

ligates an end of the first strand of the integrating nucleic acid to the first genomic flap; and the
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first or second DNA ligase ligates an end of the second strand of the integrating nucleic acid to
the second genomic flap, thereby replacing a region of the genomic locus with the integrating
nucleic acid in the cell. The integrating nucleic acid may comprise a double-stranded DNA
duplex region. The integrating nucleic acid may comprise a 5’ overhang optionally comprising
the first guide binding site. The integrating nucleic acid may comprise a 5’ overhang optionally
comprising the second guide binding site.
[00154] The system may relate to 1-sided Replacer 2. Some aspects include a system
comprising: (a) at least one RNA-guided endonuclease; (b) at least one guide nucleic acid
comprising: (i) a spacer complementary to a genomic locus in a cell, (ii) a scaffold for
complexing with the at least one RNA-guided endonuclease, and (iii) an optional donor binding
site that is at least partially complementary to an integrating nucleic acid; (c) at least one DNA
ligase; and (d) the integrating nucleic acid that: (i) comprises an optional guide binding site that
is at least partially complementary to the at least one guide nucleic acid, and (ii) comprises a
flap binding site that is at least partially identical or complementary to a genomic flap at or
adjacent to the genomic locus, wherein the at least one RNA-guided endonuclease cleaves at
least one strand of the genomic locus; and wherein the at least one DNA ligase ligates an end of
the integrating nucleic acid to the genomic flap, thereby replacing a region of the genomic locus
with the integrating nucleic acid in the cell. The integrating nucleic acid may comprise a DNA
comprising a 3’ overhang. The 3’ overhang may comprise the guide binding site. The 3’
overhang may comprise the flap binding site. The at least one DNA ligase may ligates a strand
of the integrating nucleic acid to the genomic nucleic acid sequence.
[00155] The system may relate to 2-sided Replacer 2. Some aspects include a system
comprising: (a) at least one RNA-guided endonuclease comprising a first RNA-guided
endonuclease and an optional second RNA-guided endonuclease; (b) at least one guide nucleic
acid comprising a first guide nucleic acid and a second guide nucleic acid, the first guide
nucleic acid comprising: (i) a first spacer complementary to a first region of a genomic locus in
a cell, (i1) a first scaffold for complexing with the first RNA-guided endonuclease, and (iii) an
optional first donor binding site that at least partially complementary to an integrating nucleic
acid; and the second guide nucleic acid comprising: (i) a second spacer complementary to a
second region of the genomic locus in the cell, (ii) a second scaffold for complexing with the
first or second RNA-guided endonuclease, and (iii) an optional second donor binding site that at
least partially complementary to the integrating nucleic acid; and at least one DNA ligase
comprising a first DNA ligase and an optional second DNA ligase; and the integrating nucleic
acid comprising a first strand and a second strand: wherein the first strand comprises an

optional first guide binding site that is at least partially complementary to the first guide nucleic
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acid; wherein the second strand comprises an optional second binding site that is at least
partially complementary to the second guide nucleic acid; wherein the first strand comprises a
first flap binding site that is at least partially identical or complementary to a first genomic flap
at or adjacent to the genomic locus; and wherein the second strand comprises a second flap
binding site that is at least partially identical or complementary to a second genomic flap at or
adjacent to the genomic locus; wherein the first RNA-guided endonuclease and/or the second
RNA-guided endonuclease each cleaves at least one strand of the genomic locus in the cell; and
wherein the first DNA ligase ligates an end of the first strand of the integrating nucleic acid to
the first genomic flap; and the first or second DNA ligase ligates an end of the second strand of
the integrating nucleic acid to the second genomic flap, thereby replacing a region of the
genomic locus with the integrating nucleic acid in the cell. The integrating nucleic acid may
comprise a double-stranded DNA duplex region. The double-stranded DNA may comprise a 3’
overhang optionally comprising the first guide binding site, and comprising the first flap
binding site. The double stranded DNA may comprise a 3° overhang optionally comprising the
second guide binding site, and comprising the second flap binding site.

[00156] In the system, the at least one RNA-guided endonuclease may comprise a Cas protein
or a functional fragment thereof. The Cas protein or the functional fragment thereof may
comprise nickase activity The at least one RNA-guided endonuclease may comprise a Cas9
nickase or a functional fragment thereof. The at least one DNA ligase may ligates nucleic acids
bound to DNA. The at least one DNA ligase may ligates nucleic acids bound to RNA. The at
least one DNA ligase may comprise a PBCV-1 DNA ligase. The at least one DNA ligase may
be operatively coupled to the at least one RNA-guided endonuclease. The at least one DNA
ligase may be fused to the at least one RNA-guided endonuclease as a fusion polypeptide. The
at least one RNA-guided endonuclease and the at least one DNA ligase may comprise a
heterodimer domain. The at least one RNA-guided endonuclease and the at least one DNA
ligase may form a heterodimer via the heterodimer domain. The at least one RNA-guided
endonuclease may comprise a linker. The linker may connect the Cas protein or a functional
fragment thereof to the heterodimer domain. The at least one RNA-guided endonuclease may
comprise a localization signal sequence. The at least one DNA ligase may comprise a
localization signal sequence. The localization signal sequence may comprise a nuclear
localization sequence (NLS). The a least one RNA-guided endonuclease or the at least one
DNA ligase may be directed to nucleus of the cell by the NLS. The at least one integrating
nucleic acid may correct at least one genetic mutation in the at least one genomic locus. The at
least one integrating nucleic acid may insert a coding sequence. The coding sequence may

encode a full length protein. The at least one integrating nucleic acid may insert a non-coding
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sequence. The non-coding sequence may knock out an endogenous gene. The non-coding
sequence may comprise a regulatory element. The system may further include a nuclease. The
nuclease may comprise an exonuclease for digesting the genomic flap. The nuclease may
comprise a human flap endonuclease 1 (hFENT), a human exonuclease 5 (hEXOS5), a TS
exonuclease, a T7 exonuclease, an exonuclease VIIL, a flap endonuclease domain of . coli
Poll, a RecJF, a Lambda exonuclease, a Xni (ExolXI), a SaFEN (Staphylococcus aureus FEN),
anuclease BAL-31, or a fragment thereof. The heterologous nuclease may comprise an
endonuclease for digesting the genomic flap, and the endonuclease may be different from the at
least one RNA-guided endonuclease. The at least one RNA-guided endonuclease may comprise
at least one additional functional domain. The at least one additional functional domain may
comprise a chromatin modifying domain. The at least one additional functional domain may
comprise a cell penetrating peptide. The at least one guide nucleic acid may comprise at least
one nucleic acid modification. The at least one nucleic acid modification may comprise a
modification to a backbone, a sugar, a base, or a combination thereof. The at least one RNA-
guided endonuclease may be complexed with the at least one guide nucleic acid. The at least
one guide nucleic acid may be complexed with the integrating nucleic acid. The at least one
RNA-guided endonuclease, the at least one guide nucleic acid, the at least one at least one DNA
ligase, the integrating nucleic acid, or a combination thereof may be encoded by a
polynucleotide. The polynucleotide may comprise mRNA. The polynucleotide may comprise a
vector. The vector may comprise a viral vector. The at least one RNA-guided endonuclease, the
at least one guide nucleic acid, the at least one at least one DNA ligase, the integrating nucleic
acid, or a combination thereof may be encapsulated by at least one lipid nanoparticle. The cell
may comprise a bacterial cell or a prokaryotic cell. The cell may include a prokaryotic cell. The
prokaryotic cell may include a bacterial cell. The editing may be performed in a cytoplasm of
the bacterial cell. The cell may include a eukaryotic cell. The eukaryotic cell may include an
animal cell or a plant cell. The eukaryotic cell may include a plant cell. The eukaryotic cell may
include an animal cell. The eukaryotic cell may comprise a mammalian cell. The editing may be
performed in a cytoplasm of the eukaryotic cell. The editing may be performed in a nucleus of
the eukaryotic cell. The system, or any aspect of the system, may be included in a composition,
or in a cell such as a cell line.

[00157] Some aspects relate to a system that includes nucleic acids. The system may include
guide nucleic acids, integrating nucleic acids, or a combination thereof. Some aspects relate to a
system of nucleic acids. The system may include a system of guide nucleic acids. The system
may include a system of integrating nucleic acids. The system of nucleic acids may further

include other aspects such as additional nucleic acids or non-nucleic acid components.
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[00158] The system of nucleic acids may include a guide nucleic acid. The guide nucleic acid
may include a spacer. The spacer may be complementary to a region of a locus (e.g. genomic
locus) of a target nucleic acid such as a genomic strand. The target nucleic acid may be in a cell.
The genomic strand may be in a cell. The target nucleic acid may be in vitro. The guide nucleic
acid may include a scaffold. The scaffold may complex with an endonuclease such as an RNA-
guided endonuclease. The guide nucleic acid may include a flap binding site. The flap binding
site may be complementary or at least partially complementary to a flap such as a genomic flap.
The flap binding site may be identical or at least partially identical to a flap such as a genomic
flap. The flap may be at the locus. The flap may be adjacent to the locus. The guide nucleic acid
may include a donor binding site. The donor binding site may be complementary to an
integrating nucleic acid. The donor binding site may be partially complementary to an
integrating nucleic acid. The donor binding site may be complementary to a splinting nucleic
acid. The donor binding site may be partially complementary to a splinting nucleic acid.
Components of the guide nucleic acid may be included in 1 guide nucleic acid. More than one
guide nucleic acid may be used. Components of the guide nucleic acid may collectively be
included among multiple guide nucleic acids. Components of the guide nucleic acid may split
between multiple guide nucleic acids.

[00159] The system of nucleic acids may include an integrating nucleic acid. The integrating
nucleic acid may include a 5° end to be ligated. The 5’ end may be ligated. The 5’ end may be
ligated to a 3° terminus. The 3’ terminus may be of a target nucleic acid strand (e.g. a genomic
strand). The 3’ terminus may be generated by an endonuclease such as an RNA-guided
endonuclease. The integrating nucleic acid may include a 5° end to be ligated to a 3’ terminus
of a genomic strand generated by an RNA-guided endonuclease. Components of the integrating
nucleic acid may be included in 1 or 2 complementary strands. Components of the integrating
nucleic acid may be included in 1 integrating nucleic acid. More than one integrating nucleic
acid may be used. Components of the integrating nucleic acid may collectively be included
among multiple integrating nucleic acids. Components of the integrating nucleic acid may split
between multiple integrating nucleic acids.

[00160] The system of nucleic acids may include a splinting nucleic acid (also referred to as a
“splinting strand”). The splinting strand may hybridize to two nucleic acids comprising ends to
be ligated. The splinting nucleic acid may include a flap binding site. The flap binding site may
be complementary to a flap. The flap binding site may be partially complementary to a flap.
The flap binding site may be identical to a flap. The flap binding site may be partially identical
to a flap. The flap may be at a locus of a target nucleic acid. The flap may be adjacent to a locus

of a target nucleic acid. The flap may be a genomic flap. The locus may be a genomic locus.
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The flap binding site may be at least partially identical or complementary to a genomic flap at
or adjacent to a genomic locus. The splinting nucleic acid may include a guide binding site. The
guide binding site may be complementary to a guide nucleic acid. The guide binding site may
be partially complementary to a guide nucleic acid. Components of the splinting nucleic acid
may be included in 1 splinting nucleic acid. More than one splinting nucleic acid may be used.
The splinting nucleic acid may include a donor binding site. The donor binding site may be
complementary to an integrating nucleic acid. The donor binding site may be partially
complementary to an integrating nucleic acid.
[00161] The splinting strand may be or include DNA. The splinting strand may be or include
RNA. The splinting nucleic acid may be included as part of an integrating nucleic acid. The
splinting nucleic acid may be included as a strand of a double stranded integrating nucleic acid.
The splinting nucleic acid may be included as part of a guide nucleic acid.
[00162] The system of nucleic acids may include: (a) a guide nucleic acid comprising: (i) a
spacer complementary to a region of a genomic locus of a genomic strand, (ii) a scaffold for
complexing with RNA-guided endonuclease, (iii) an optional donor binding site that is at least
partially complementary to an integrating nucleic acid, and (iv) a flap binding site that is at least
partially identical or complementary to a genomic flap at or adjacent to the genomic locus; and
(b) an integrating nucleic acid comprising a 5’ end to be ligated to a 3° terminus of the genomic
strand generated by an RNA-guided endonuclease. A component of (i), (ii), (iii), or (iv) may be
included in a single guide nucleic acid, or may be split between or collectively included among
multiple guide nucleic acids.
[00163] The system of nucleic acids may include: (a) a guide nucleic acid comprising (i) a
spacer complementary to a region of a genomic locus of a genomic strand, (i) a scaffold for
complexing with an RNA-guided endonuclease, and (iii) an optional donor binding site that is
at least partially complementary to a splinting nucleic acid, (b) an integrating nucleic acid
comprising a 5’ end to be ligated to a 3” terminus of the genomic strand generated by an RNA-
guided endonuclease; and (c) a splinting nucleic acid comprising a flap binding site that is at
least partially identical or complementary to a genomic flap at or adjacent to the genomic locus,
and comprising an optional guide binding site that is at least partially complementary to a guide
nucleic acid. A component of (i), (ii), or (iii) may be included in a single guide nucleic acid, or
may be split between or collectively included among multiple guide nucleic acids.
[00164] In some aspects, the system described herein can be delivered into a cell, where one or
more of the components of the system can be delivered into the cell together. In some aspects,
each component of the system can be delivered into the cell separately. In some aspects, the

system can be encoded by a polynucleotide such as a heterologous polynucleotide, where the
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polynucleotide is delivered into a cell and where the polynucleotide is expressed by the cell to
generate the components of the cell. In some aspects, the system can be encoded and delivered
into the cell via a polynucleotide comprising mRNA. In some aspects, the system can be
encoded and delivered into the cell via a polynucleotide comprising a vector. In some aspects,
the vector comprises a viral vector. The system can be encapsulated in a lipid or nanoparticle,
or multiple lipids or nanoparticles. In some aspects, the system can be encapsulated in at least
one lipid nanoparticle. In some aspects, the system comprises a ribonucleoprotein (RNP). For
example, at least one RN A-guided endonuclease described herein (e.g., a Cas9) can be
complexed with at least one guide nucleic acid described herein (e.g., forming a CRISPR
ribonucleoprotein) for delivery. In some aspects, the system comprises at least one RNP
comprising a RNA-guided endonuclease complexed with at least one first guide nucleic acid or
with at least one second guide nucleic acid. In some aspects, the system comprises at least one
RNP and at least one integrating nucleic acid (e.g., a single-stranded or a double-stranded
integrating nucleic acid described herein). In some aspects, the system comprises at least one
RNP and at least one integrating nucleic acid. In some aspects, the system comprises at least
one RNP and at least one first integrating nucleic acid or at least one second integrating nucleic
acid.

[00165] In some aspects, the system described herein can modify a genomic locus or gene in a
cell. In some aspects, the cell comprises a bacterial cell, an eukaryotic cell, or a plant cell. In
some aspects, the system described herein can be formulated into a composition, a
pharmaceutical composition, a kit, or a combination thereof. In some aspects, the system
described herein can be delivered and propagated in a cell line.

[00166] Some aspects include an editing system, comprising an RNA-guided endonuclease, a
guide nucleic acid, and an integrating nucleic acid. Some aspects include an editing method,
comprising: contacting a target nucleic acid with the editing system and a DNA ligase.
Pharmaceutical compositions

[00167] Described herein, in some aspects, is a pharmaceutical composition comprising the
system or the composition described herein. The pharmaceutical composition may include a
pharmaceutically acceptable excipient, carrier, or diluent. The pharmaceutical composition may
include a carrier. The pharmaceutical composition may include an excipient. The
pharmaceutical composition may be delivered to a subject. The pharmaceutical composition
may be delivered to a cell. The pharmaceutical composition may be used in a method disclosed
herein.

[00168] The pharmaceutical compositions described herein comprise the system, the

composition, or the cell contacted with the system or contacted with the composition. The
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pharmaceutical composition may comprise a composition such as a protein or nucleic acid
disclosed herein. The pharmaceutical composition may comprise a cell comprising a
composition or system disclosed herein.

[00169] A pharmaceutical composition may include a mixture of a pharmaceutical composition,
with other chemical components (i.e. pharmaceutically acceptable inactive ingredients), such as
carriers, excipients, binders, filling agents, suspending agents, flavoring agents, sweetening
agents, disintegrating agents, dispersing agents, surfactants, lubricants, colorants, diluents,
solubilizers, moistening agents, plasticizers, stabilizers, penetration enhancers, wetting agents,
anti-foaming agents, antioxidants, preservatives, or one or more combination thereof. In
practicing the methods of treatment or use provided herein, therapeutically effective amounts of
pharmaceutical compositions described herein are administered to a mammal having a disease,
disorder, or condition to be treated. In some aspects, the mammal is a human. A therapeutically
effective amount can vary widely depending on the severity of the disease, the age and relative
health of the subject, the potency of the pharmaceutical composition used and other factors. The
pharmaceutical compositions can be used singly or in combination with one or more
pharmaceutical compositions as components of mixtures.

[00170] The pharmaceutical composition may be formulated for administering intrathecally,
intraocularly, intravitreally, retinally, intravenously, intramuscularly, intraventricularly,
intracerebrally, intracerebellarly, intracerebroventricularly, intraperenchymally, subcutaneously,
intratumorally, pulmonarily, endotracheally, intraperitoneally, intravesically, intravaginally,
intrarectally, orally, sublingually, transdermally, by inhalation, by inhaled nebulized form, by
intraluminal-GI route, or a combination thereof to a subject in need thereof.

[00171] The pharmaceutical formulations described herein are administered to a subject by
appropriate administration routes, including but not limited to, intravenous, intraarterial, oral,
parenteral, buccal, topical, transdermal, rectal, intramuscular, subcutaneous, intraosseous,
transmucosal, inhalation, or intraperitoneal administration routes. The pharmaceutical
formulations described herein include, but are not limited to, aqueous liquid dispersions, self-
emulsifying dispersions, solid solutions, liposomal dispersions, aerosols, solid dosage forms,
powders, immediate release formulations, controlled release formulations, fast melt
formulations, tablets, capsules, pills, delayed release formulations, extended release
formulations, pulsatile release formulations, multiparticulate formulations, and mixed
immediate and controlled release formulations. Pharmaceutical compositions including a
pharmaceutical composition are manufactured in a conventional manner, such as, by way of
example only, by means of conventional mixing, dissolving, granulating, dragee-making,

levigating, emulsifying, encapsulating, entrapping or compression processes.
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[00172] The pharmaceutical compositions may include at least a pharmaceutical composition as
an active ingredient in free-acid or free-base form, or in a pharmaceutically acceptable salt
form. In addition, the methods and pharmaceutical compositions described herein include the
use of N-oxides (if appropriate), crystalline forms, amorphous phases, as well as active
metabolites of these compounds having the same type of activity. In some aspects,
pharmaceutical compositions exist in unsolvated form or in solvated forms with
pharmaceutically acceptable solvents such as water, ethanol, and the like. The solvated forms of
the pharmaceutical compositions are also considered to be disclosed herein.

[00173] In some aspects, a pharmaceutical composition exists as a tautomer. All tautomers are
included within the scope of the agents presented herein. As such, it is to be understood that a
pharmaceutical composition or a salt thereof may exhibit the phenomenon of tautomerism
whereby two chemical compounds that are capable of facile interconversion by exchanging a
hydrogen atom between two atoms, to either of which it forms a covalent bond. Since the
tautomeric compounds exist in mobile equilibrium with each other they can be regarded as
different isomeric forms of the same compound.

[00174] In some aspects, a pharmaceutical composition exists as an enantiomer, diastereomer,
or other steroisomeric form. The agents disclosed herein include all enantiomeric,
diastereomeric, and epimeric forms as well as mixtures thereof.

[00175] In some aspects, pharmaceutical compositions described herein can be prepared as
prodrugs. A "prodrug" refers to an agent that is converted into the parent drug in vivo. Prodrugs
are often useful because, in some situations, they can be easier to administer than the parent
drug. They may, for instance, be bioavailable by oral administration whereas the parent is not.
The prodrug may also have improved solubility in pharmaceutical compositions over the parent
drug. In certain embodiments, upon in vivo administration, a prodrug is chemically converted to
the biologically, pharmaceutically or therapeutically active form of the pharmaceutical
composition. In certain embodiments, a prodrug is enzymatically metabolized by one or more
steps or processes to the biologically, pharmaceutically or therapeutically active form of the
pharmaceutical composition.

Kits

[00176] Described herein, in some aspects, are kits for using the system, the composition, or the
pharmaceutical composition described herein. In some aspects, the kits disclosed herein may be
used to treat a disease or condition in a subject. In some aspects, the kit comprises an
assemblage of materials or components apart from the system, the composition, or the
pharmaceutical composition. In some aspects, the kit comprises the components for assaying

and selecting for suitable guide nucleic acid or donor strand for treating a disease or a condition.
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In some aspects, the kit comprises components for performing assays such as enzyme-linked
immunosorbent assay (ELISA), single-molecular array (Simoa), PCR, or qPCR. The exact
nature of the components configured in the kit depends on its intended purpose. For example,
some embodiments are configured for the purpose of treating a disease or condition disclosed
herein in a subject. In some aspects, the kit is configured particularly for the purpose of treating
mammalian subjects. In some aspects, the kit is configured particularly for the purpose of
treating human subjects.
[00177] Instructions for use may be included in the kit. In some aspects, the kit comprises
instructions for administering the composition to a subject in need thereof. In some aspects, the
kit comprises instructions for further engineering the system described herein. In some aspects,
the kit comprises instructions for thawing or otherwise restoring biological activity of at least
one component of the system, which may have been cryopreserved or lyophilized during
storage or transportation. In some aspects, the kit comprises instructions for measuring efficacy
for its intended purpose (e.g., therapeutic efficacy if used for treating a subject).
[00178] The kit may comprise a system or composition disclosed herein, and a container. The
composition may be a pharmaceutical composition.
Methods
[00179] Described herein are methods such as methods of modifying a target nucleic acid.
Described herein are methods such as methods of gene editing or gene replacement. The
method may include use of any aspect of composition described herein such as an
endonuclease, ligase, guide nucleic acid, integrating nucleic acid, system, kit, or pharmaceutical
composition.

Gene editing or replacement

[00180] Disclosed herein are editing methods such as gene editing methods or nucleic acid
editing methods. The editing tools and methods disclosed herein may be useful for genetic
enhancement, genetic correction, treatment of a disease, development of research tools, or for
disease diagnosis. The methods may be performed for therapeutic, agricultural, industrial, and
research purposes. The editing method may include contacting a target nucleic acid with an
editing system and a ligase. The target nucleic acid may be double-stranded. The target nucleic
acid may include a host or cell genome. The target nucleic acid may include a pathogen genome
in a host. The target nucleic acid may be part of a gene, or may include a non-gene or intergenic
sequence. The target nucleic acid may reside in a nucleus of a cell. The target nucleic acid may
include chromatin, euchromatin, or heterochromatin. The target nucleic acid may comprise
DNA. The methods referred to herein as gene editing methods or genome editing methods may

be useful for nucleic acid editing without necessarily being limited to editing of a certain gene.
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The method may include replacing a target nucleic acid sequence with a sequence of an
integrating nucleic acid. The method may be performed in vitro. The method may be performed
in vivo. The method may be performed in a cell. The editing may be performed without
homologous recombination. The editing may be performed without prior insertion into host
genome.
[00181] Disclosed herein, in some aspects, are editing methods. The method may include
editing a nucleic acid. The nucleic acid may be in a cell. The editing may be performed using a
DNA ligase. The editing may be performed using a CRISPR protein. The editing may be
performed using a CRISPR protein or DNA ligase without any significant chemical interaction
with an endogenous factor. The editing may be performed using a CRISPR protein or DNA
ligase without any significant chemical interaction with a polymerase such as a DNA
polymerase. In some aspects, the editing may be performed using an endonuclease (e.g., a Cas
endonuclease) described herein or DNA ligase, where the endonuclease and the DNA ligase are
coupled. For example, the endonuclease and the DNA ligase can be covalently coupled as a
fusion protein for performing the editing. The method may include editing a nucleic acid in a
cell, wherein the editing is performed using a Cas endonuclease without any significant
chemical interaction with an endogenous factor or polymerase. The method may include editing
anucleic acid in a cell, wherein the editing is performed using a Cas endonuclease without any
significant chemical interaction with endogenous cellular components of NHEJ or HDR. The
editing method may exclude polymerization or in-cell synthesis of a nucleic acid. For example,
the method may exclude in-cell synthesis from a template on a guide nucleic acid.
[00182] The editing may be performed, in some aspects, solely by factors exogenous to the cell.
The exogenous factors may be added to the cell or are encoded by a nucleic acid added to the
cell. In some aspects, the exogenous factors are added to the cell. In some aspects, the
exogenous factors encoded by a nucleic acid added to the cell. The factors may include a Cas
endonuclease and a DNA ligase. The Cas endonuclease may be or include a DNA-binding
protein.
[00183] The editing may include replacing a nucleotide or nucleotide sequence within a target
nucleic acid. The editing may include replacing a nucleotide. The editing may include replacing
a nucleotide sequence. The nucleotide or nucleotide sequence may be replaced with an
integrating nucleic acid. The editing may include replacing a nucleotide or nucleotide sequence
of the nucleic acid with an integrating nucleic acid. In some aspects, replacing the nucleotide
comprises breaking a phosphodiester bond of the nucleic acid and forming a new
phosphodiester bond with the integrating nucleic acid. In some aspects, the replacement is

performed at a replacement site within the nucleic acid, without leaving a remaining nick or
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strand break in the nucleic acid at the replacement site. In some aspects, the editing generates an
edited nucleic acid comprising an edited region flanked by phosphodiester bonds to unedited
regions of the edited nucleic acid.

[00184] Described herein, in some aspects, is a method for correcting a gene or modifying gene
expression in a cell. In some aspects, the method comprises contacting the cell with a system or
composition described herein. In some aspects, the method comprises delivering a heterologous
polynucleotide into the cell, where the heterologous polynucleotide encodes at least one
component of system. In some aspects, the system described herein can introduce a donor
strand into a genomic locus. In some aspects, the system can introduce the donor strand without
the need of endogenous machinery of the cell. In some aspects, the system can introduce the
donor strand without the need to synchronize cell cycling. In some aspects, the system can
introduce the donor strand in non-dividing cell or slow dividing cell. Such technical aspect can
be especially useful for correcting genetic mutation in non-dividing cell or slow dividing cell
for treating a disease or condition.

[00185] The method may include editing a nucleic acid of a cell. In some embodiments, the cell
is quiescent or senescent cell. The cell may be quiescent. The cell may be senescent. In some
aspects, the cell is not actively dividing. The cell may have a low dNTP concentration relative
to other cells or cell types. Some examples of cells may include a neuron, myocyte,
cardiomyocyte, or osteocyte. The cell may include a neuron. The cell may include a myocyte.
The cell may include a cardiomyocyte. The cell may include an osteocyte. The cell may include
an eye cell.

[00186] The cell may include a stem cell such as an embryonic stem cell, or such as an adult
stem cell. The cell may be a circulating cell such as a blood cell. The cell may include a bone
marrow cell. The cell may be an immune cell. The cell may be an innate immune cell.

[00187] The cell may be an airway cell. The cell may be a lung cell. The cell may be a
bronchial cell. The cell may be an endothelial cell.

[00188] Described herein, in some aspects, is an editing method, comprising: editing a nucleic
acid in a cell, wherein the editing is performed using a CRISPR protein (e.g. an RNA-guided
endonuclease such as a Cas endonuclease) without any significant chemical interaction with an
endogenous factor or polymerase. In some embodiments, the editing is performed solely by
factors exogenous to the cell. In some embodiments, the exogenous factors are added to the cell
or are encoded by a nucleic acid added to the cell.

[00189] In some embodiments, the editing is performed using a DNA ligase. In some
embodiments, the editing comprises replacing a nucleotide or nucleotide sequence of the

nucleic acid with an integrating nucleic acid. In some embodiments, replacing the nucleotide
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comprises breaking a phosphodiester bond of the nucleic acid and forming a new
phosphodiester bond with the integrating nucleic acid. In some embodiments, the replacement
is performed at a replacement site within the nucleic acid, without leaving a nick or strand break
in the nucleic acid at the replacement site. In some embodiments, the editing generates an edited
nucleic acid comprising an edited region flanked by phosphodiester bonds to unedited regions
of the edited nucleic acid.

[00190] Some aspects include a method for modifying a cell comprising contacting a cell with a
system or composition such as a pharmaceutical composition disclosed herein. In some aspects,
the cell is not a dividing cell. The integrating nucleic acid may be inserted into the genomic
locus of the cell independent of endogenous non-homologous end joining (NHEJ) and
independent of endogenous homology-directed repair (HDR).

[00191] In some aspects, described herein is a method for modifying or replacing a nucleotide
or nucleotide sequence in a cell by contacting the cell with the system or composition described
herein, where the system or composition comprises a guide nucleic acid comprising: a spacer
complementary to a region of a genomic locus of a genomic strand; a scaffold for complexing
with an endonuclease; an optional donor binding site that is at least partially complementary to
an integrating nucleic acid; and a flap binding site that is at least partially identical or
complementary to a genomic flap at or adjacent to the genomic locus. In some embodiments,
the guide nucleic acid comprises the donor binding site is complexed with the integrating
nucleic acid. The complexing between the guide nucleic acid and the integrating nucleic acid
can occur in vivo or in vitro. In some embodiments, the flap binding site can be complexed with
a genomic flap generated by the endonuclease cleaving the genomic strand. The complexing
between the flap binding site and the genomic flap can bring the integrating nucleic acid to
close proximity to the cleaved genomic strand. The decreased proximity between the donor
nucleic and the cleaved genomic strand can increase editing efficiency, decease off-target
effect, or decrease introduction of unwanted mutations such as indels. In such case, the
integrating nucleic acid can replace one strand of the cleaved genomic strand, thus editing or
correcting the cleaved genomic strand. Fig. 1A-Fig. 1C illustrate the complexing between the
guide nucleic acid and the integrating nucleic acid described herein, where the complexing
between the guide nucleic acid and the integrating nucleic acid brings the integrating nucleic
acid to close proximity to the cleaved genomic strand. In some embodiments, the integrating
nucleic acid comprises a 5’ end to be ligated to a 3’ terminus of a genomic strand generated by
an endonuclease cleaving the genomic strand. In some embodiments, the integrating nucleic
acid comprises a 3’ end to be ligated to a 5° terminus of a genomic strand generated by an

endonuclease cleaving the genomic strand. In some embodiments, the endonuclease can be a
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fusion protein described herein. For example, the endonuclease can be fused to a DNA ligase
described herein, where the endonuclease and DNA ligase fusion can cleave the genomic strand
and ligate the integrating nucleic acid to the cleaved genomic strand with increased efficiency.
[00192] In some embodiments, the integrating nucleic acid is double stranded or partially
double stranded, where the integrating nucleic acid can replace both strands of the cleaved
genomic strand. In such case, the integrating nucleic acid can comprise single stranded guide
binding site to be complexed with a guide nucleic acid comprising the donor binding site. The
guide binding site can locate at 5° end of the integrating nucleic acid. The guide binding site can
locate at 3’ end of the integrating nucleic acid. The guide binding site can locate at both 5” end
and 3’ end of the integrating nucleic acid. Fig. 2A-Fig. 2C illustrate a double stranded
integrating nucleic acid comprising the guide binding site at both 5” end and 3’ end of the
integrating nucleic acid, where the integrating nucleic acid can edit and replace the cleaved
genomic strand.

[00193] In some embodiments, the integrating nucleic acid is double stranded or partially
double stranded, where the integrating nucleic acid comprises a flap binding site and a guide
binding site. In such case, the guide binding site can complex with the donor binding site of the
guide nucleic acid. Fig. 3A illustrates such arrangement, where the integrating nucleic acid (and
not the guide nucleic acid) can be complexed with the genomic flap to bring the integrating
nucleic acid to close proximity to the cleaved genomic strand. In some embodiments, the donor
nucleic comprises two flap binding sites to be complexed with two different genomic flaps. Fig.
4A illustrates such arrangement, where the integrating nucleic acid (and not the guide nucleic
acid) can be complexed with the two genomic flaps to bring the integrating nucleic acid to close
proximity to the two cleaved genomic strand.

[00194] In some embodiments, the integrating nucleic acid comprises the guide binding site,
where the guide binding site can be complexed with the donor binding site of the guide nucleic
acid. The guide nucleic acid can comprise the flap binding site to be complexed with the
genomic flap at the cleaved genomic strand. As shown in Fig. SA, the guide nucleic acid brings
the integrating nucleic acid to close proximity to the cleaved genomic strand for editing and
replacing the cleaved genomic strand with the integrating nucleic acid. In some embodiments,
the integrating nucleic acid can be double strand and comprises the two guide binding sites to
be complexed with two different guide nucleic acids. Fig. 6A illustrates such arrangement,
where the two guide nucleic acids bring the integrating nucleic acid to close proximity to two
cleaved genomic strands.

[00195] In some aspects, described herein is a method for modifying or replacing a nucleotide

or nucleotide sequence in a cell by contacting the cell with the system or composition described

-131-



WO 2023/086834 PCT/US2022/079567
herein, where the system or composition comprises a guide nucleic acid comprising a spacer
complementary to a region of a genomic locus of a genomic strand; a scaffold for complexing
with an endonuclease, and an optional donor binding site that is at least partially
complementary to a splinting nucleic acid. In some embodiments, the system or composition
comprises an integrating nucleic acid, where the integrating nucleic acid can be ligated into the
cleaved or nicked genomic strand. In some embodiments, the integrating nucleic acid comprises
a5’ end to be ligated to a 3’ terminus of the genomic strand generated by an endonuclease. In
some embodiments, the integrating nucleic acid comprises a 3’ end to be ligated to a 5’
terminus of the genomic strand generated by an endonuclease. In some embodiments, the
system or composition comprises a splinting nucleic acid comprising a flap binding site that is
at least partially identical or complementary to a genomic flap at or adjacent to the genomic
locus, and comprising an optional guide binding site that is at least partially complementary to a
guide nucleic acid. In some embodiments, the splinting nucleic acid may include a guide
binding site. The guide binding site may be complementary to a guide nucleic acid. The guide
binding site may be partially complementary to a guide nucleic acid. The splinting nucleic acid
may include a donor binding site. The donor binding site may be complementary to an
integrating nucleic acid. The donor binding site may be partially complementary to an
integrating nucleic acid. The splinting strand may be or include DNA. The splinting strand may
be or include RNA. The splinting nucleic acid may be included as part of an integrating nucleic
acid. The splinting nucleic acid may be included as a strand of a double stranded integrating
nucleic acid.

[00196] In some embodiments, the method described herein decreases proximity between the
integrating nucleic acid and the cleaved or nicked site. In some embodiments, the decreased
proximity between the integrating nucleic acid and the cleaved or nicked site increases gene
editing rate by at least 0.1 fold, 0.2 fold, 0.5 fold, 1.0 fold, 2.0 fold, 5.0 fold, 10.0 fold, or more
compared to a gene editing rate without using a composition or a replacer described herein. In
some embodiments, the decreased proximity between the integrating nucleic acid and the
cleaved or nicked site decreases introduction of unwanted mutation such as indel by at least 0.1
fold, 0.2 fold, 0.5 fold, 1.0 fold, 2.0 fold, 5.0 fold, 10.0 fold, or more compared to a introduction
of unwanted mutation without using a composition or a replacer described herein. In some
embodiments, the decreased proximity between the integrating nucleic acid and the cleaved or
nicked site decreases off-target editing by at least 0.1 fold, 0.2 fold, 0.5 fold, 1.0 fold, 2.0 fold,
5.0 fold, 10.0 fold, or more compared to off-target editing without using a composition or a

replacer described herein.
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[00197] In some aspects, the method edits a gene. In some aspects, the method replaces a gene.
In some aspects, the method removes a gene. In some aspects, the method introduces a
methylated nucleotide into the target nucleic acid. In some aspects, the method introduces an
unmethylated nucleotide into the target nucleic acid.

[00198] The method may be used to edit a nucleic acid in a plant cell. Some aspects include
enhancing a plant. Some examples of plant enhancement may include editing of a disease
susceptibility gene or introducing an herbicide resistance gene. An example of a disease
susceptibility gene may include bacterial leaf streak disease susceptibility gene OsSULTR3;6 in
rice. An example of introducing an herbicide resistance gene may include editing of
acetolactate synthase in potato for herbicide resistance

Treatment

[00199] A method such as a gene editing method may be useful for treatment of a disease or
disorder. The disease or disorder may be genetic. The treatment may be of a diseased or
damaged cell. The disease may include a genetic disease, cancer, or an infection. The treatment
may include administration of a composition disclosed herein to a subject in need thereof. The
subject in need may include a subject identified as having a disease or disorder.

[00200] The methods described herein may be useful for treating a genetic disease. The genetic
disease may be caused by a DNA mutation such as a point mutation, a deletion, an insertion, a
duplication, or a repeat, relative to normal non-diseased DNA. The treatment may correct the
mutation. Some examples of genetic diseases may include Angelman syndrome, Canavan
disease, Charcot—Marie—Tooth disease, color blindness, cri du chat syndrome, cystic fibrosis,
DiGeorge syndrome, Duchenne muscular dystrophy, familial hypercholesterolemia,
haemochromatosis type 1, hemophilia, neurofibromatosis, phenylketonuria, polycystic kidney
disease, Prader—Willi syndrome, sickle cell disease, spinal muscular atrophy, or Tay—Sachs
disease. Some examples of diseases that may be treated using a method herein may include
sickle cell disease, beta thalassemia, familial hypercholesterolemia (e.g. PCSK9 disruption),
alpha I antitrypsin deficiency, phenylketonuria, cystic fibrosis, tyrosinemia, arginase I
deficiency, Wilson’s disease, a repeat expansion disorder, hemophilia (e.g. insertion of Factor
IX at ALB in a hepatocyte), Duchenne muscular dystrophy. Some examples of repeat expansion
disorders like Huntington's disease, Amyotrophic lateral sclerosis/frontotemporal dementia,
Friedreich ataxia, Fragile X Syndrome. The method may be included in immuno-oncology,
such as for T-cell engineering or in cancer treatment.

[00201] Two non-limiting examples of genetic diseases for which efficient and precise editing
of slowly dividing and nondividing cells is beneficial for therapeutic gene therapy are sickle

cell anemia (SCA) and alpha-1 antitrypsin deficiency (AATD). Sickle cell anemia is caused by
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the E6V missense mutation in the HBB gene resulting in aggregation of mutant beta-globin
protein and ‘sickling’ of red blood cells. Autologous gene therapies using hematopoetic stem
cells with corrected HBB alleles have been proposed as curative treatments for SCA. While
expansion of ex vivo HSC cultures can be induced using cytokine cocktails, HSCs in the human
body typically reside in niches within the bone marrow where they exist in a quiescent or
slowly dividing state. AATD is most commonly caused by the E366K missense mutation in the
SERPINA1 gene which encodes alpha-1 antitrypsin, a serine protease inhibitor secreted by
hepatocytes. Mutant AAT is misfolded, forming aggregates in the endoplasmic reticulum of the
hepatocytes rather than being secreted, ultimately leading to liver disease. Although hepatocytes
possess the ability to rapidly proliferate in response to liver damage, their life cycles are
typically spent in a state of quiescence. As such, high efficiency in vivo editing of these two
disorders necessitates a novel gene therapy platform which can effectively perform precise edits
in nondividing or slowly dividing cells.
[00202] Some aspects include a method for treating a disease or condition in subject in need
thereof comprising: (a) contacting a cell of the subject with a system or composition such as a
pharmaceutical composition disclosed herein; and (b) replacing a genomic locus in a cell with
an integrating nucleic acid, thereby treating the disease or condition in the subject. In some
aspects, the cell is not a dividing cell. In some aspects, the integrating nucleic acid is inserted
into the genomic locus of the cell independent of endogenous non-homologous end joining
(NHEJ) and independent of endogenous homology-directed repair (HDR).
[00203] In some embodiments, the method described herein decreases proximity between the
integrating nucleic acid and the cleaved or nicked site, where the decreased proximity between
the integrating nucleic acid and the cleaved or nicked site increases gene editing rate by at least
0.1 fold, 0.2 fold, 0.5 fold, 1.0 fold, 2.0 fold, 5.0 fold, 10.0 fold, or more compared to a gene
editing rate without using a composition or a replacer described herein. In some embodiments,
the decreased proximity between the integrating nucleic acid and the cleaved or nicked site
increases therapeutic efficacy (e.g., by increasing gene editing rate) by at least 0.1 fold, 0.2 fold,
0.5 fold, 1.0 fold, 2.0 fold, 5.0 fold, 10.0 fold, or more compared to a therapeutic efficacy
without using a composition or a replacer described herein.
Delivery
[00204] Described herein, in some aspects, are methods of delivering the system described
herein to a cell. In some aspects, the method comprises delivering directly or indirectly at least
one component of the system to the cell. In some aspects, the method comprises delivering the
cell with at least one heterologous polynucleotide, where the cell can then express the at least

one component of the system. In some aspects, the at least one heterologous polynucleotide can
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be delivered into the cell via any of the transfection methods described herein. In some aspects,
the at least one heterologous polynucleotide can be delivered into the cell via the use of
expression vectors such as viral vectors. In the context of an expression vector, the vector can
be readily introduced into the cell described herein by any method in the art. For example, the
expression vector can be transferred into the cell by physical, chemical, or biological means.
[00205] Physical methods for introducing the oligonucleotide or vector encoding the
oligonucleotide into the cell can include calcium phosphate precipitation, lipofection, particle
bombardment, microinjection, gene gun, electroporation, and the like. Methods for producing
cells comprising vectors and/or exogenous nucleic acids are suitable for methods herein. One
method for the introduction of oligonucleotide or vector encoding the oligonucleotide into a
host cell is calcium phosphate transfection.
[00206] Chemical means for introducing the oligonucleotide or vector encoding the
oligonucleotide into the cell can include colloidal dispersion systems, such as macromolecule
complexes, nanocapsules, microspheres, beads, and lipid-based systems including oil-in-water
emulsions, micelles, mixed micelles, spherical nucleic acid (SNA), liposomes, or lipid
nanoparticles. An exemplary colloidal system for use as a delivery vehicle in vifro and in vivo is
a liposome (e.g., an artificial membrane vesicle). Other methods of state-of-the-art targeted
delivery of nucleic acids are available, such as delivery of oligonucleotide or vector encoding
the oligonucleotide with targeted nanoparticles or other suitable sub-micron sized delivery
system.
[00207] In the case where a non-viral delivery system is utilized, an exemplary delivery vehicle
is a liposome. The use of lipid formulations is contemplated for the introduction of the
oligonucleotide or vector encoding the oligonucleotide into a cell (in vitro, ex vivo or in vivo).
In another aspect, the oligonucleotide or vector encoding the oligonucleotide can be associated
with a lipid. The oligonucleotide or vector encoding the oligonucleotide associated with a lipid,
In some aspects, is encapsulated in the aqueous interior of a liposome, interspersed within the
lipid bilayer of a liposome, attached to a liposome via a linking molecule that is associated with
both the liposome and the oligonucleotide, entrapped in a liposome, complexed with a
liposome, dispersed in a solution containing a lipid, mixed with a lipid, combined with a lipid,
contained as a suspension in a lipid, contained or complexed with a micelle, or otherwise
associated with a lipid. Lipid, lipid/DNA or lipid/expression vector associated compositions are
not limited to any particular structure in solution. For example, In some aspects, they are
present in a bilayer structure, as micelles, or with a “collapsed” structure. Alternately, they may
be simply interspersed in a solution, possibly forming aggregates that are not uniform in size or

shape. Lipids are fatty substances which are, In some aspects, naturally occurring or synthetic
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lipids. For example, lipids include the fatty droplets that naturally occur in the cytoplasm as
well as the class of compounds which contain long-chain aliphatic hydrocarbons and their
derivatives, such as fatty acids, alcohols, amines, amino alcohols, and aldehydes.

[00208] Lipids suitable for use are obtained from commercial sources. Stock solutions of lipids
in chloroform or chloroform/methanol are often stored at about -20 °C. Chloroform is used as
the only solvent since it is more readily evaporated than methanol. “Liposome” is a generic
term encompassing a variety of single and multilamellar lipid vehicles formed by the generation
of enclosed lipid bilayers or aggregates. Liposomes are often characterized as having vesicular
structures with a phospholipid bilayer membrane and an inner aqueous medium. Multilamellar
liposomes have multiple lipid layers separated by aqueous medium. They form spontaneously
when phospholipids are suspended in an excess of aqueous solution. The lipid components
undergo self-rearrangement before the formation of closed structures and entrap water and
dissolved solutes between the lipid bilayers. However, compositions that have different
structures in solution than the normal vesicular structure are also encompassed. For example,
the lipids, In some aspects, assume a micellar structure or merely exist as nonuniform
aggregates of lipid molecules. Also contemplated are lipofectamine-nucleic acid complexes.
[00209] In some cases, non-viral delivery method comprises lipofection, nucleofection,
microinjection, biolistics, virosomes, liposomes, immunoliposomes, exosomes, polycation or
lipid:cargo conjugates (or aggregates), naked polypeptide (e.g., recombinant polypeptides),
naked DNA, artificial virions, and agent-enhanced uptake of polypeptide or DNA. In some
aspects, the delivery method comprises conjugating or encapsulating the compositions or the
oligonucleotides described herein with at least one polymer such as natural polymer or synthetic
materials. The polymer can be biocompatible or biodegradable. Non-limiting examples of
suitable biocompatible, biodegradable synthetic polymers can include aliphatic polyesters,
poly(amino acids), copoly(ether-esters), polyalkylenes oxalates, polyamides,
poly(iminocarbonates), polyorthoesters, polyoxaesters, polyamidoesters, polyoxaesters
containing amine groups, and poly(anhydrides). Such synthetic polymers can be homopolymers
or copolymers (e.g., random, block, segmented, graft) of a plurality of different monomers, e.g.,
two or more of lactic acid, lactide, glycolic acid, glycolide, epsilon-caprolactone, trimethylene
carbonate, p-dioxanone, etc. In an example, the scaffold can be comprised of a polymer
comprising glycolic acid and lactic acid, such as those with a ratio of glycolic acid to lactic acid
of 90/10 or 5/95. Non-limiting examples of naturally occurring biocompatible, biodegradable
polymers can include glycoproteins, proteoglycans, polysaccharides, glycosamineoglycan

(GAG) and fragment(s) derived from these components, elastin, laminins, decrorin,
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fibrinogen/fibrin, fibronectins, osteopontin, tenascins, hyaluronic acid, collagen, chondroitin
sulfate, heparin, heparan sulfate, ORC, carboxymethyl cellulose, and chitin.

[00210] In some cases, the oligonucleotide or vector encoding the oligonucleotide described
herein can be packaged and delivered to the cell via extracellular vesicles. The extracellular
vesicles can be any membrane-bound particles. In some aspects, the extracellular vesicles can
be any membrane-bound particles secreted by at least one cell. In some instances, the
extracellular vesicles can be any membrane-bound particles synthesized in vifro. In some
instances, the extracellular vesicles can be any membrane-bound particles synthesized without a
cell. In some cases, the extracellular vesicles can be exosomes, microvesicles, retrovirus-like
particles, apoptotic bodies, apoptosomes, oncosomes, exophers, enveloped viruses, exomeres,
or other very large extracellular vesicles.

[00211] In aspects, the system described herein or the at least one heterologous polynucleotide
encoding the system described herein can be delivered into a cell as a vector such as a viral
vector. Viral vectors, and especially retroviral vectors, have become the most widely used
method for inserting genes into mammalian, e.g., human cells. Other viral vectors, in some
embodiments, are derived from lentivirus, poxviruses, herpes simplex virus I, adenoviruses and
adeno-associated viruses, and the like. Exemplary viral vectors include retroviral vectors,
adenoviral vectors, adeno-associated viral vectors (AAVs), pox vectors, parvoviral vectors,
baculovirus vectors, measles viral vectors, or herpes simplex virus vectors (HSVs). In some
instances, the retroviral vectors include gamma-retroviral vectors such as vectors derived from
the Moloney Murine Leukemia Virus (MoMLV, MMLV, MuLV, or MLV) or the Murine Stem
cell Virus (MSCYV) genome. In some instances, the retroviral vectors also include lentiviral
vectors such as those derived from the human immunodeficiency virus (HIV) genome. In some
instances, AAV vectors include AAV1, AAV2, AAV4, AAV5, AAV6, AAVT, AAVS, or
AAVO serotype. In some instances, viral vector is a chimeric viral vector, comprising viral
portions from two or more viruses. In additional instances, the viral vector is a recombinant
viral vector.

[00212] In some cases, the at least one heterologous polynucleotide encoding the system
described herein can be administered to the subject in need thereof via the use of the transgenic
cells generated by introduction of the at least one heterologous polynucleotide first into
allogeneic or autologous cells. In some cases, the cell can be isolated. In some aspects, the cell
can be isolated from the subject.

Subjects and cells

[00213] The methods described herein may involve cells. For example, a composition may be

delivered to a cell to edit a nucleic acid in the cell. The aspects delivered to the cell may be

-137-



WO 2023/086834 PCT/US2022/079567
heterologous to the cell. “Heterologous” may include anything that does not exist in the cell in
its natural state.

[00214] Any cell or cell type may be used. Examples of cells or cell types may include stem
cells, red blood cells, white blood cells, platelets, nerve cells, neuroglial cells, muscle cells,
cartilage cells, bone cells, skin cells, endothelial cells, epithelial cells, fat cells, or sex cells. The
cell may include a stem cell. The cell may include a bone cell. The cell may include a blood
cell. The cell may include a sperm cell. The cell may include an egg cell. The cell may include
a fat cell. The cell may include a nerve cell. The cell may include a muscle cell. The cell may
include an endocrine cell. The cell may include an endothelial cell. The cell may include a
pancreatic cell.

[00215] The cell may be eukaryotic. The cell may be a plant cell. The cell may be an animal
cell. The cell may be protozoan. The cell may be a fungal cell. The cell may be prokaryotic.
The cell may be a bacterial cell. The cell may be an archaeon cell. The cell may be from a cell
line. The cell may be part of a subject. The cell may be separated from a subject. The cell may
be an autologous cell of a subject. The cell may be an allogenic cell of a subject.

[00216] The cell may include a diseased cell. The cell may include a cancer cell. The cell may
be infected. The cell may be damaged. The cell may be a pathogen such as a fungal pathogen.
[00217] The methods described herein may involve a subject. For example, a composition may
be delivered to the subject. Some aspects of the methods described herein include treatment of
the subject. Non-limiting examples of subjects include vertebrates, animals, mammals, dogs,
cats, cattle, rodents, mice, rats, primates, monkeys, and humans. The subject may be an
invertebrate. The subject may be a arthropod. The subject may be a vertebrate. The subject may
be an animal. The subject may be a fish. The subject may be a reptile. The subject may be a
mammal. The subject may be a dog. The subject may be a cat. The subject may be a cattle. The
subject may be a rodent. The subject may be a mouse. The subject may be a rat. The subject
may be a primate. The subject may be a non-human primate. The subject may be a monkey.
The subject may be an animal, a mammal, a dog, a cat, cattle, a rodent, a mouse, a rat, a
primate, or a monkey. The subject may be a human.

[00218] The subject may be a non-animal subject. For example, the subject may include a plant.
Examples of plants may include trees, flowers, shrubs, or grasses. The subject may include a
crop. Examples of crops may include almond, apricot, apple, artichoke, banana, barley, beet,
blackberry, blueberry, broccoli, Brussels sprout, cabbage, cannabis, capsicum, carrot, celery,
chard, cherry, citrus, corn, cucurbit, date, fig, garlic, grape, herb, spice, kale, lettuce, oil palm,

olive, onion, pea, pear, peach, peanut, papaya, parsnip, pecan, persimmon, plum, pomegranate,
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potato, quince, radish, raspberry, rose, rice, sloe, sorghum, soybean, spinach, strawberry, sweet
potato, tobacco, tomato, turnip greens, walnut, or wheat.

Definitions
[00219] Use of absolute or sequential terms, for example, “will,” “will not,” “shall,” “shall

2« 2

not,” “must,

2 M 2

must not,” “first,” “initially,” “next,” “subsequently,” “before,” “after,” “lastly,”
and “finally,” are not meant to limit scope of the present embodiments disclosed herein but as
exemplary.

[00220] As used herein, the singular forms “a”, “an” and “the” are intended to include the
plural forms as well, unless the context clearly indicates otherwise. Furthermore, to the extent
that the terms “including”, “includes”, “having”, “has”, “with”, or variants thereof are used in
either the detailed description and/or the claims, such terms are intended to be inclusive in a
manner similar to the term “comprising.”

[00221] As used herein, the phrases “at least one”, “one or more”, and “and/or” are open-ended
expressions that are both conjunctive and disjunctive in operation. For example, each of the
expressions “at least one of A, B and C”, “at least one of A, B, or C”, “one or more of A, B, and
C”, “one or more of A, B, or C” and “A, B, and/or C” means A alone, B alone, C alone, A and
B together, A and C together, B and C together, or A, B and C together.

[00222] As used herein, “or” may refer to “and”, “or,” or “and/or” and may be used both
exclusively and inclusively. For example, the term “A or B” may refer to “A or B”, “A but not
B”, “B but not A”, and “A and B”. In some cases, context may dictate a particular meaning.
[00223] Any systems, methods, software, and platforms described herein are modular.
Accordingly, terms such as “first” and “second” do not necessarily imply priority, order of
importance, or order of acts.

[00224] The term “about” when referring to a number or a numerical range means that the
number or numerical range referred to is an approximation within experimental variability (or
within statistical experimental error), and the number or numerical range may vary from, for
example, from 1% to 15% of the stated number or numerical range. In examples, the term
“about” refers to £10% of a stated number or value.

[00225] The terms “increased”, “increasing”, or “increase” are used herein to generally mean
an increase by a statically significant amount. In some aspects, the terms “increased,” or
“increase,” mean an increase of at least 10% as compared to a reference level, for example an
increase of at least about 10%, at least about 20%, or at least about 30%, or at least about 40%,
or at least about 50%, or at least about 60%, or at least about 70%, or at least about 80%, or at
least about 90% or up to and including a 100% increase or any increase between 10-100% as

compared to a reference level, standard, or control. Other examples of “increase” include an

-139-



WO 2023/086834 PCT/US2022/079567
increase of at least 2-fold, at least 5-fold, at least 10-fold, at least 20-fold, at least 50-fold, at
least 100-fold, at least 1000-fold or more as compared to a reference level.

[00226] The terms “decreased”, “decreasing”, or “decrease” are used herein generally to mean
a decrease by a statistically significant amount. In some aspects, “decreased” or “decrease”
means a reduction by at least 10% as compared to a reference level, for example a decrease by
at least about 20%, or at least about 30%, or at least about 40%, or at least about 50%, or at
least about 60%, or at least about 70%, or at least about 80%, or at least about 90% or up to and
including a 100% decrease (e.g., absent level or non-detectable level as compared to a reference
level), or any decrease between 10-100% as compared to a reference level. In the context of a
marker or symptom, by these terms is meant a statistically significant decrease in such level.
The decrease can be, for example, at least 10%, at least 20%, at least 30%, at least 40% or
more, and is preferably down to a level accepted as within the range of normal for an individual
without a given disease.
[00227] Where sequences are provided, nucleic acids containing phosphorothioate bonds
between nucleotides are signified with an asterisk (*). 2’-O-methyl nucleotides are signified
with a lowercase “m” in front of the nucleotide, for example mC instead of C. The code
“/SPhos/” in front of a nucleotide sequence indicates that the sequence is phosphorylated at the
57 end. Locked nucleic acid (LNA) nucleotides comprising a methylene bridge connecting the
2' oxygen and 4' carbon are signified with a “+” in front of the nucleotide, for example +C
instead of C.

EMBODIMENTS
[00228] Some aspects include an embodiment, or a component thereof, provided below:
[00229] Embodiment 1. Described herein, in some aspects, is a composition, comprising:
a DNA-binding protein coupled to a DNA ligase.
[00230] Embodiment 2. The composition of Embodiment 1, wherein the coupling is covalent.
[00231] Embodiment 3. The composition of Embodiment 2, comprising a fusion protein
comprising the DNA-binding protein and the DNA ligase.
[00232] Embodiment 4. The composition of Embodiment 3, wherein the DNA-binding protein
is amino (N)-terminal relative to the DNA ligase within the fusion protein.
[00233] Embodiment 5. The composition of Embodiment 3, wherein the DNA-binding protein
is carboxy (C)-terminal relative to the DNA ligase within the fusion protein.
[00234] Embodiment 6. The composition of any one of Embodiments 2-5, wherein the
connection comprises a linker comprising 1-100 amino acids.
[00235] Embodiment 7. The composition of Embodiment 1, wherein the coupling is non-

covalent.
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[00236] Embodiment 8. The composition of Embodiment 7, wherein the composition
comprises a first polypeptide comprising at least part of the DNA-binding protein, and a second
polypeptide comprising at least part of the DNA ligase, wherein the first and second
polypeptides are non-covalently coupled.

[00237] Embodiment 9. The composition of Embodiment 8, wherein the first polypeptide

comprises a first heterodimerization domain that binds a second heterodimerization domain,

and wherein the second polypeptide comprises the second heterodimerization domain.

[00238] Embodiment 10. The composition of Embodiment 9, wherein the heterodimer domains

comprise a leucine zipper, PDZ domain, streptavidin, streptavidin binding protein, foldon

domain, hydrophobic moiety, or a functional binding fragment thereof.

[00239] Embodiment 11. The composition of Embodiment 8, wherein the first polypeptide
comprises a first intein that binds a second intein, and wherein the second polypeptide
comprises the second intein.

[00240] Embodiment 12. The composition of Embodiment 1, wherein the ligase comprises a

hairpin binding motif, and wherein the DNA-binding protein and the DNA ligase are coupled

with a nucleic acid comprising a scaffold that binds to the DNA-binding protein and a hairpin
that binds to the hairpin binding motif.

[00241] Embodiment 13. The composition of Embodiment 12, wherein the hairpin binding

motif comprises an MS2 coat protein (MCP) peptide, and wherein the hairpin comprises an

MS?2 hairpin.

[00242] Embodiment 14. The composition of Embodiment 1, wherein the DNA-binding protein

and the DNA ligase are coupled with a heterobifunctional molecule comprising an

endonuclease binding domain and a DNA ligase binding domain.

[00243] Embodiment 15. The composition of Embodiment 14, wherein the heterobifunctional

molecule comprises a small molecule.

[00244] Embodiment 16. Described herein, in some aspects, is a composition comprising a cell

containing a DNA-binding protein and a DNA ligase, both of which are heterologous to the

cell.

[00245] Embodiment 17. The composition of any one of Embodiments 1-16, wherein the DNA-

binding protein comprises a class II CRISPR/Cas endonuclease.

[00246] Embodiment 18. The composition of any one of Embodiments 1-17, wherein the DNA-

binding protein comprises a Cas9 endonuclease.

[00247] Embodiment 19. The composition of any one of Embodiments 1-18, wherein the DNA-

binding protein comprises a nickase.
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[00248] Embodiment 20. The composition of any one of Embodiments 1-19, wherein the DNA-
binding protein comprises an amino acid sequence at least 80% identical to the amino acid
sequence of any one of SEQ ID NOS: 1-13, or a functional fragment thereof.

[00249] Embodiment 21. The composition of any one of Embodiments 1-20, wherein the DNA
ligase ligates DNA strands base paired to a DNA splint.
[00250] Embodiment 22. The composition of any one of Embodiments1-20, wherein the DNA
ligase ligates DNA strands base paired to an RNA splint.
[00251] Embodiment 23. The composition of any one of Embodiments 1-22, wherein the DNA
ligase comprises an amino acid sequence at least 80% identical to the amino acid sequence of
any one of SEQ ID NOS: 55-96, or a functional fragment thereof.
[00252] Embodiment 24. The composition of any one of Embodiments 1-23, wherein the DNA-
binding protein or the DNA ligase comprises a nuclear localization signal, chromatin modifying
domain, cell penetrating peptide, or tag polypeptide.
[00253] Embodiment 25. The composition of any one of Embodiments1-24, further comprising
a guide RNA and an integrating nucleic acid.
[00254] Embodiment 26. One or more nucleic acids encoding the composition of any one of
Embodiments 1-25.
[00255] Embodiment 27. A cell comprising the composition of any one of Embodiments 1-25,
or comprising the one or more nucleic acids of Embodiment 26.
[00256] Embodiment 28. A system of nucleic acids comprising:
a. aguide nucleic acid comprising:
i. aspacer complementary to a region of a genomic locus of a genomic
strand,
ii. ascaffold for complexing with a DNA-binding protein,
iii. an optional donor binding site that is at least partially complementary to
an integrating nucleic acid, and
iv. aflap binding site that is at least partially identical or complementary to a
genomic flap at or adjacent to the genomic locus; and
b. an integrating nucleic acid comprising a 5° end to be ligated to a 3’ terminus of
the genomic strand generated by a DNA-binding protein.
[00257] Embodiment 29. A system of nucleic acids comprising:
a. a guide nucleic acid comprising:
i. aspacer complementary to a region of a genomic locus of a genomic
strand,

ii. ascaffold for complexing with a DNA-binding protein, and
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iii. an optional donor binding site that is at least partially complementary to a
splinting nucleic acid;
b. an integrating nucleic acid comprising a 5° end to be ligated to a 3’ terminus of
the genomic strand generated by a DNA-binding protein; and
c. asplinting nucleic acid comprising a flap binding site that is at least partially
identical or complementary to a genomic flap at or adjacent to the genomic
locus, and comprising an optional guide binding site that is at least partially
complementary to a guide nucleic acid.
[00258] Embodiment 30. The system of Embodiment 28 or 29, wherein the genomic strand is
in a cell.
[00259] Embodiment 31. The system of any one of Embodiments 28-30, wherein the splinting
nucleic acid further comprises a donor binding site that is at least partially identical or
complementary to a portion of the integrating nucleic acid.
[00260] Embodiment 32. The system of any one of Embodiment 28-31, wherein the guide
nucleic acid comprises a sequence of linking nucleic acids between the scaffold and the donor
binding site.
[00261] Embodiment 33. The system of any one of Embodiment 28-32, wherein the guide
nucleic acid, the integrating nucleic acid, or the splinting nucleic acid comprises a modified
internucleoside linkage.
[00262] Embodiment 34. The system of Embodiment 33, wherein the modified internucleoside
linkage comprises a phosphorothioate linkage.
[00263] Embodiment 35. The system of Embodiment 33 or 34, wherein the modified
internucleoside linkage is between any of the 4 terminal nucleosides at a 5’ end or at a 3’ end of
the guide nucleic acid or the integrating nucleic acid.
[00264] Embodiment 36. The system of any one of Embodiments 28-35, wherein the guide
nucleic acid, the integrating nucleic acid, or the splinting nucleic acid comprises a modified
nucleoside.
[00265] Embodiment 37. The system of Embodiment 36, wherein the modified nucleoside
comprises a locked nucleic acid (LNA), a 2’ fluoro, a 2° O-alkyl, or a combination thereof.
[00266] Embodiment 38. The system of Embodiment 36 or 37, wherein the modified
nucleoside is any of the 3 terminal nucleosides at a 5” end or at a 3” end of the guide nucleic
acid or the integrating nucleic acid.

EXAMPLES
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Example 1. Editing to convert BFP to GFP by Replacer 1
[00267] Components used to edit the blue fluorescent protein (BFP) gene stably integrated into
HEK293 cells are co-delivered by lipid nanoparticle (LNP) transfection. The components
include chemically synthesized guide RNAs (gRNAs), single-stranded DNA donors, and
mRNA encoding protein effectors for Replacer 1 editing including nicking Cas9 (nCas9), a
SplintR ligase and nuclear localization sequences (NLS). The gRNAs are synthesized by
Agilent, the DNA donors are synthesized by IDT, and the mRNA is synthesized by TriLink or
RiboPro. The gRNA, DNA donor, and mRNA are mixed and formulated into lipid
nanoparticles prior to delivery to adherent cells in 96well plates. After 48 hours, the cells are
detached from the plate by trypsinization and green fluorescent protein (GFP) fluorescence is
measured using an Attune NxT flow cytometer to assess the percentage of BFP-to-GFP editing.
Following the Replacer 1 editing format, the gRNAs contain a spacer, scaffold, donor binding
site (DBS), and flap binding site (FBS). The gRNAs are delivered individually (1-sided
Replacer 1) or as pairs with spacers targeting opposite strands of the genomic locus (2-sided
Replacer 1). Some of the DBSs contain a mutation in the spacer region or in the protospacer
adjacent motif region (SpPAMmut). The gRNAs contain 2’-O-methyl 3’-phosphorothioate
nucleotides at the first three and last three positions. The DNA donors are delivered individually
(1-sided Replacer 1) or in pairs (2-sided Replacer 1). Some donors have mutations in the spacer
or protospacer adjacent motif (PAM) regions (SpPAMmut). Some donors have
phosphorothioate bonds at the first three and last three positions. Some donors are recoded with
silent mutations that change the nucleotide sequence but retain the amino acid sequence. The
DNA donors are phosphorylated on the 5” end. In some conditions, the gRNAs and donor
DNAs are annealed by a thermal cycler annealing reaction prior to LNP formulation. Plasmids
can be used in the place of mRNA. Table 12 details this experiment. Sequences corresponding

to the names in the table may be found herein.

Table 12
. Anneal
C(.mdl Forward Guide Rew’erse Top Donor Bottom Ligase both
tion Guide Donor .
sides?
NLS-
Repl BFP.Fwd Repl BFP2GFP nCas9-
1 Guid TopDonor.5P linker- N/A
uide S op ' SplintR-
bpNLS
NLS-
Repl.BFP2G nCas9-
2 %Z%lc;ﬁiiz FP.BotDonor. linker- N/A
’ 5P SplintR-
bpNLS
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. Anneal
C9nd1 Forward Guide ReV(.trse Top Donor Bottom Ligase both
tion Guide Donor .
sides?
NLS-
Repl BFP Fwd | Repl BFP | Repl BFP2GFP | Repl BFP2G | nCaso-
3 Guide RevGuide | .TopDonor.5P FP BotDonor. linker- Yes
’ ’ ' 5P SplintR-
bpNLS
NLS-
Repl BFP Fwd | Repl BFP | Repl BFP2GFP | Repl BFP2G | nCaso-
4 Guide RevGuide | .TopDonor.5P FP.BotDonor. | - linker- No
’ ’ ' 5P SplintR-
bpNLS
NLS-
Repl BFP Fwd | Repl BFP Rep1 BFP2GFP | Repl BFP2G n'Cas9—
5 Guide RevGuide .TopDonor.Rec | FP.BotDonor. llnker- Yes
oded.5P Recoded.5P SplintR-
bpNLS
Repl BFP | Repl.BFP2GFP | Repl.BFP2G NLS-
Repl.BFP.Fwd . nCas9-
6 Guide. SpPAM RevGuide | .TopDonor.SpP | FP.BotDonor. linker- Yes
SpPAMm | AMmut.Recode | SpPAMmut.R .
mut ut d.5P ecoded.5P SplintR-
' ' bpNLS
Repl.BFP2GFP | Repl BFP2G nlé];ssé_
7 Repl . BFP.Fwd | Repl.BFP | .TopDonor.Rec | FP.BotDonor. linker- Yes
Guide RevGuide | oded.5P.endPho | Recoded.5P.e SplintR-
S ndPhos bpNLS

Example 2. Editing to convert BFP to GFP by Replacer 2

[00268] An experiment can be performed similar to Example 1 but adjusted to fit a Replacer 2

format. The ligases used here are T4 ligase, hLIG1(233-919), and hLIG1(119-919). The

Replacer 2 gRNA contains a spacer, scaffold, and DBS. The gRNAs are delivered individually

(1-sided Replacer 2) or in pairs (2-sided Replacer 2), and the gRNAs contain 2’-O-methyl 3’-

phosphorothioate nucleotides at the first three and last three positions. The DNA donors include

a FBS and a guide binding site (GBS) that can hybridize to the DBS. Some DNA donors

contain SpPAM mutations and some DNA donors have phosphorothioate bonds at the first

three and last three positions. Some DNA donors are recoded. The DNA donors are

phosphorylated on the 5” end. The DNA donors are delivered as pairs in the Replacer 2 format.

Some of the gRNAs and donor DNAs are annealed prior to LNP formulation. Table 13 details

this experiment. Sequences corresponding to the names in the table may be found herein.
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Table 13
Con | Forwar Reverse Anneal
ditio d . Top Donor Bottom Donor Ligase both
. Guide .
n Guide sides?
Rep2.B Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLHSI;ES:fsg'
1 | FP.Fwd pDonor. SpPAMmut | otDonor.SpPAMm Yes
Guide 5p ut 5P hLIG1(233-
: ' 919)-bpNLS
Rep2 BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLHSI;ESr"f”'
2 PRevG | pDonor.SpPAMmut | otDonor.SpPAMm Yes
uide 5p ut. 5P hLIG1(233-
' ' 919)-bpNLS
Rep2.B | Rep2 BF | Rep2 BFP2GFP.To | Rep2 BFP2GFP.B NLE{;ES:}”‘
3 | FP.Fwd | PRevG | pDonor.SpPAMmut | otDonor.SpPAMm Yes
Guide | uide 5p ut. 5P hLIG1(233-
' ' 919)-bpNLS
Rep2.B | Rep2.BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLliSI;ESr"fS9'
4 | FPFwd | PRevG | pDonor.SpPAMmut | otDonor.SpPAMm No
Guide | uide 5P ut.5P hLIG1(233-
' ' 919)-bpNLS
Rep2.B | Rep2.BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLliSI;ESr"fS9'
5 | FP.Fwd | P.RevG | pDonor.SpPAMmut | otDonor.SpPAMm Yes
Guide uide Recoded.5P ut.Recoded.5P hLIG1(233-
‘ > ' ' 919)-bpNLS
NLS-nCas9-
. 1}}1:131?2&1?1 }}fﬁifg Rep2 BFP2GFP.To | Rep2.BFP2GFP.B linker- Yes
Guide uide pDonor.5P otDonor.5P hLIG1(233-
919)-bpNLS
Rep2 B | Rep2 BF Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLS-nCaS9-
7 | FPFwd | PRevG pDonor. SpPAMmut | otDonor.SpPAMm linker- Yes
Guide uide Recoded.5P.endPh | utRecoded.5P.end | hLIG1(233-
08 Phos 919)-bpNLS
Rep2.B Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLS-nCas9-
8 | FP.Fwd pDonor.SpPAMmut | otDonor.SpPAMm | linker-T4LIG- Yes
Guide 5P ut.5P bpNLS
Rep2.BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLS-nCas9-
9 PRevG | pDonor.SpPAMmut | otDonor.SpPAMm | linker-T4LIG- Yes
uide 5P ut.5P bpNLS
Rep2.B | Rep2 BF | Rep2.BFP2GFP.To | Rep2 BFP2GFP.B NLS-nCas9-
10 | FP.Fwd | P.RevG | pDonor.SpPAMmut | otDonor.SpPAMm | linker-T4LIG- Yes
Guide uide Recoded.5P ut.Recoded.5P bpNLS
Rep2 B Rep2 BFP2GFP.To | Rep2 BFP2GFP.B NLHSI;ES:E”'
11 | FP.Fwd pDonor. SpPAMmut | otDonor.SpPAMm Yes
Guide 5p ut. 5P ALIGL(119-
' ' 919)-bpNLS
Rep2.BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLHSI;ES:fsg'
12 PRevG | pDonor.SpPAMmut | otDonor.SpPAMm Yes
uide 5P ut.5P hLIGI(119-
' ' 919)-bpNLS
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Con | Forwar Reverse Anneal
ditio d . Top Donor Bottom Donor Ligase both
. Guide .
n Guide sides?
Rep2.B | Rep2 BF | Rep2. BFP2GFP.To | Rep2.BFP2GFP.B NLﬁsl;Egﬁsg'
13 | FP.Fwd | P.RevG | pDonor.SpPAMmut | otDonor.SpPAMm Yes
Guide ide Recoded.5P t.Recoded.5P hLIG1(119-
Y Y ‘ ' o ' 919)-bpNLS

Example 3. Editing to insert mGL in front of CBX1 by Replacer 2

[00269] An editing experiment can be performed to insert monomeric Green Lantern (mGL) in

the genome of HEK293T cells in front of the CBX1 gene such that a fusion protein is formed

that exhibits green fluorescence. This fluorescence can be detected by flow cytometry as in

Examples 1 and 2. The experiment is conducted in a similar way to Example 2 except that the

sequences of the gRNAs and DNA donors are different and enable insertion of mGL into the

genome rather than insertion of a sequence that changes blue fluorescent protein (BFP) to green

fluorescent protein (GFP). The DNA donors in Example 3 are longer than in Example 2 and are

synthesized by GenScript. The DNA donors are phosphorylated on the 5” end. Table 14 details

this experiment. Sequences corresponding to the names in the table may be found herein.

Table 14
Annea
??nd ForvYard Reve.srse Top Donor Bottom Donor Ligase | 1 both
ition Guide Guide .
sides?
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
1 leaigﬁil' CBX1.TopDonor | CBX1.BotDonor.S hlﬁl(‘}elr('z Yes
.SpPAMmut.5P pPAMmut.5P 33-919)-
bpNLS
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
2 R}iiiggfel CBX1.TopDonor | CBX1 BotDonor.S hlliI;lC(}elr(-Z Yes
.SpPAMmut.5P pPAMmut.5P 33-919)-
bpNLS
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
3 leaégfﬁel' Rﬁ‘;ﬁgﬁﬁ CBX1.TopDonor | CBX1 BotDonor.S hlﬁlc(ﬁr(_z Yes
' .SpPAMmut.5P pPAMmut.5P
33-919)-
bpNLS
NLS-
Rep2.mGL- Rep2.mGL- nCas9-
4 ngaigi?el CBX1.TopDonor | CBX1.BotDonor.S | linker- Yes
.SpPAMmut.5P pPAMmut.5P T4LIG-
bpNLS
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Annea
c‘.’“d ForvYard ReV(?rse Top Donor Bottom Donor Ligase | 1 both
ition Guide Guide .
sides?
NLS-
Rep2.mGL- Rep2.mGL- nCas9-
5 R}e{iigBig(el CBX1.TopDonor | CBX1.BotDonor.S | linker- Yes
eVl .SpPAMmut.5P pPAMmut.5P T4LIG-
bpNLS
NLS-
Rep2.mGL- Rep2.mGL- nCas9-
6 ere%((}ji?el Rleizigfigiel CBX1.TopDonor | CBX1.BotDonor.S | linker- Yes
' .SpPAMmut.5P pPAMmut.5P TALIG-
bpNLS
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
7 leaigﬁ?el' CBX1.TopDonor | CBX1.BotDonor.S hlli‘;]éelr('l Yes
.SpPAMmut.5P pPAMmut.5P 19-919)-
bpNLS
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
8 Rﬁ‘;ﬁéﬁﬁ? CBX1.TopDonor | CBX1.BotDonor.S hlﬁl(‘}elr('l Yes
.SpPAMmut.5P pPAMmut.5P 19-919)-
bpNLS
NLS-
nCas9-
Rep2.mGL- Rep2.mGL- .
9 lepigBi?el‘ R}e{iigBifel CBX1.TopDonor | CBX1 BotDonor.S hlﬁéelr('l Yes
wabu eVl .SpPAMmut.5P pPAMmut.5P
19-919)-
bpNLS

Example 4. Treatment of a genetic disease in a patient

[00270] A human patient with sickle cell disease comes to a physician for treatment. The
patient is identified as having a hemoglobin gene mutation. Hematopoietic stem and progenitor
cells are collected from the patient’s peripheral blood. The cells are edited by contacting the
cells” genomes with a nCas9-DNA ligase fusion protein, a gRNA, and a donor DNA that
includes a corrected hemoglobin gene. The gRNA recruits the fusion protein to the gene
mutation, and the nCas9 nicks the patient’s DNA on one side flanking the mutation. The gRNA
binds to a genomic flap generated by the nick, and to the donor DNA, and forms an RNA splint
for the ligase to ligate the genomic flap to the donor DNA. Another fusion protein nicks the
opposite strand of the mutated hemoglobin gene using a second gRNA on the other side of the
mutation, and ligates the other side of the donor DNA. The mutated DNA is thus replaced with
the donor DNA, and the cell with the donor DNA is transfused back into the patient, thus

treating the genetic disease in the patient.
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Example 5. Enhancing a crop
[00271] In a soybean plant, a germ cell is microinjected with an expression vector encoding an
nCas9-DNA ligase fusion protein, and with a gRNA and donor DNA encoding an herbicide
resistance gene. gRNA recruits the fusion protein to a suitable spot within the soybean genome
which doesn’t already include a gene. The nCas9 nicks the soybean’s DNA on one side
flanking the spot. The gRNA also recruits the donor DNA to bind to a genomic flap created by
the nick, and the ligase seals the nick using the donor DNA itself as a splint. Another fusion
protein nicks the opposite strand of the soybean’s DNA on the other side flanking the spot, and
ligates the other side of the donor DNA, thus integrating the herbicide resistance gene into the
germ cell. The germ cell eventually produces a seed, and the seeds are harvested to grow
herbicide resistant soybeans.

Example 6. In Vitro 1-Sided Replacer 2 using T4 Ligase

[00272] To demonstrate the usefulness of the components and methods described herein for
editing nucleic acids, in vitro experiments were performed. The experiments in this example
specifically assessed the feasibility of 1-sided Replacer 2. The experiments used a 100bp, 5°-
Cy5-labeled double-stranded DNA (dsDNA) substrate (IDT) that corresponded to the blue
fluorescent protein (BFP) target region (see examples 1 and 2), with the site of nicking located
in the middle at base pair 50. 5’-phosphorylated dsDNA donors (IDT) containing a variable
GBS, 13nt flap binding site (FBS), and a protospacer adjacent motif (PAM) mutation were used
in conjunction with gRNAs (Agilent) containing the corresponding variable DBS. 5’-Cy5-
labeled dsDNA substrate and 5’-phosphorylated dSDNA donor were separately annealed using
complementary oligonucleotides by heating to 95C for Smin followed by slowly cooling to
room temperature.

[00273] In vitro 1-sided Replacer 2 reactions were performed by first incubating gRNA (30nM
final) and dsDNA donor (30nM final) with recombinant S. pyogenes nicking Cas9 (CasOn;
IDT; 30nM final) for 10min at room temperature, followed by the addition of T4 ligase (NEB,;
200U final), ATP (ImM final), and 5’-Cy5-labeled dsDNA substrate (3nM Final). Reactions
were carried out in the presence of NEB Buffer 3.1 (1x final) at 37C for 1hr (final volume of
10ul). Reactions were terminated by the addition of 0.5% SDS and 100ug/ml Proteinase K, and
incubated at 37C for 30min. Reaction products were then combined with 2x formamide gel
loading buffer (90% formamide; 10% glycerol; 0.01% bromophenol blue), denatured at 95 °C
for 10min, and separated by denaturing urea PAGE gel (15% TBE-urea, 55 °C, 200 V). DNA

products were visualized by Cy5 fluorescence signal using a LI-COR Odyssey CLx imager.
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[00274] In addition to the intact 100bp 5°-Cy5-labeled dsDNA substrate, a nicked 5°-Cy5-
labeled dsDNA substrate and a final ligation product were included as size controls. The
nicked 5’-Cy5-labeled dsDNA control was annealed using two 50mers corresponding to the top
strand oligo of the 100bp 5°-Cy5-labeled dsDNA substrate (a 5’-Cy5-labeled SOmer and a 5°-
phosphorylated 50mer) and its complementary 100mer bottom strand oligo. The final ligation
product control was annealed and ligated using the 5’-Cy5-labeled 50mer and the bottom
100mer from the nicked control along with the 150nt top strand donor oligo.

[00275] Fig. 8A illustrates an exemplary nicking and ligation pattern of an integrating nucleic
acid. Fig. 8B illustrates an exemplary nucleic acid gel showing pattern associated with In Vitro
1-Sided Replacer 2 using 30nt GBS/DBS and Thermostable T4 Ligase. Using a 30nt GBS/DBS
combination, a donor containing a PAM mutation, and a thermostable T4 ligase (Hi-T4, NEB),
we were able to produce a final Replacer product (Lane 3) corresponding to the size of our
control product (Lane 1). Replacer products were not detected in the absence of nicking Cas9
(Cas9n) (Lane 2), or in the absence of the bottom donor which serves as the splint (Lanes 4 &
5). Fig. 8C illustrates an exemplary nucleic acid gel showing patten associated with in vitro 1-
Sided Replacer 2 using Variable Length GBS/DBS Combinations and T4 Ligase. Using regular
T4 ligase (NEB), we were to produce a final Replacer product corresponding to the size of the
control when using multiple GBS/DBS combinations, including No GBS/DBS, 20nt GBS/DBS,
and 30nt GBS/DBS. Additionally, in this experiment, recoded dsDNA donors containing PAM
mutation were more efficient at producing final Replacer products compared to PAM mutant
dsDNA donors that were not recoded. The results indicate that a DNA ligase may be used with
an RNA-guided endonuclease to edit a target nucleic acid.

Example 7. Use of 1-sided Replacer 2 with nicking Cas9 and multiple DNA ligases in
various coupling architectures in mammalian cells

[00276] Components used to edit a blue fluorescent protein (BFP) gene stably integrated into
HEK293T cells were co-delivered by lipofectamine 2000 transfection. The components
included a chemically synthesized guide RNA (SEQ ID NO: 166,
mG*mC*mU*GAAGCACUGCACGCCAUGUUUUAGAGCUAGAAAUAGCAAGUUAAA
AUAAGGCUAGUCCGUUAUCGACUUGAAAAAGUCGGACCGAGUCGGUCCAGCUGC
GGUAUUGUGGmMC*mG*mU) with 2’-O-methyl and phosphorothioate chemical
modifications on the 5° and 3’ ends, an integrating nucleic acid with a 5” phosphate end
modification (SEQ ID NO: 167, /5Phos/cgtaTgtcagggtggtcacGAGgg), a splinting nucleic acid
with locked nucleic acid and phosphorothioate modifications (SEQ ID NO: 169,
+c*c*+CT+CGHTGHACHCA+CCHCTHGA+CA+TA+CGGCGTGCAgtgctt ACGCCA+CA+A
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T+AC+CG+CA+G*C*+T), and either a single mRNA encoding nicking Cas9 fused to a ligase,
or a pair of mRNAs encoding nicking Cas9 and a ligase.

[00277] The integrating nucleic acid and splinting nucleic acid were synthesized by Integrated
DNA Technologies (IDT). All mRNAs corresponding to Cas9n (H840A) and all ligases are
generated via in vitro transcription (IVT) reactions using the HiScribe T7 High Yield RNA
Synthesis Kit (NEB). Coding sequences are cloned into an IVT vector that contains a single
copy of the S’UTR and two copies of the 3’UTR from the human beta globin gene, in addition
to a 152nt polyA tail. Plasmid DNA containing coding sequences are linearized using an Xbal
restriction site located immediately downstream of the polyA tail. Linearized plasmids are then
purified via phenol:chloroform extraction followed by ethanol precipitation. mRNAs are
produced via IVT reactions that contain N1-Methylpseudouridine-5'-Triphosphate (TriLink
BioTech) in place of Uridine-Triphosphate, and capped co-transcriptionally with CleanCap
Reagent AG (3 OMe) (TriLink BioTech). IVT reactions are incubated at 37°C for 2 hours,
followed by DNAse I digestion of the template DNA. Finally, mRNA products are purified
using LiCl precipitation, quantified (Qubit Fluorometric Quantification; ThermoFisher), and
checked for integrity by denaturing gel electrophoresis. “Ligase in trans” refers to Cas9 H840A
nickase combined with T4 ligase fused to leucine zipper on its C terminus (T4-LZ, SEQ ID NO:
145). “LZ; C terminal Ligase” refers to Cas9 H840A nickase fused to a leucine zipper on its C
terminus (nCas9-LZ, SEQ ID NO: 133) combined with a ligase fused to a leucine zipper on its
N terminus for T4 (LZ-T4, SEQ ID NO: 142), SplintR (LZ-SplintR, SEQ ID NO: 141), or
hLIG4(1-620) (LZ-hLIG4(1-620), SEQ ID NO: 146). “LZ; N terminal Ligase” refers to Cas9
HB840A nickase fused to a leucine zipper on its N terminus (LZ-nCas9, SEQ ID NO: 147)
combined with a ligase fused to a leucine zipper on its C terminus for T4 (T4-LZ, SEQ ID NO:
145), SplintR (SplintR-LZ, SEQ ID NO: 148), or hLIG4(1-620) (hLIG4(1-620)-LZ, SEQ ID
NO: 149). “Fusion; C terminal Ligase” refers to Cas9 H840A nickase fused to a ligase with the
ligase on the C terminus for T4 (nCas9-T4, SEQ ID NO: 131), SplintR (nCas9-SplintR, SEQ ID
NO: 129), or hLIG4(1-620) (nCas9-hL1G4(1-620) SEQ ID NO: 150). “Fusion; N terminal
Ligase” refers to Cas9 H840A nickase fused to a ligase with the ligase on the N terminus for T4
(T4-nCas9, SEQ ID NO: 151), SplintR (SplintR-nCas9, SEQ ID NO: 152), or hLIG4(1-620)
(hLIG4(1-620)-nCas9, (SEQ ID NO: 153). The gRNA contained a spacer, scaffold, and donor
binding site. The splinting integrating nucleic acid contained a guide binding site and a flap
binding site. The ligating integrating nucleic acid and splinting nucleic acid were partially
complementary.

[00278] The integrating nucleic acid and splinting nucleic acid were hybridized using an

annealing reaction, then mixed with the guide RNA and mRNA and formulated with
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lipofectamine 2000 in OptiMEM prior to delivery to the adherent HEK293 cells in 96-well
plates. After 24-48 hours, the cells were detached with 0.05% Trypsin-EDTA and run through a
flow cytometer to measure the percentage of cells expressing green fluorescent protein (GFP),
indicating gene editing from BFP to GFP (Fig. 9). Gene editing was observed with T4, SplintR,
and hLIG4(1-620) ligases when fused to nCas9, interacting with nCas9 through leucine zippers,
or delivered in trans with no leucine zipper interaction.

[00279] The results here demonstrate the usefulness of using a DNA ligase with an RNA-
guided endonuclease to edit a target nucleic acid in a cell. The experiments in this example
specifically demonstrated the feasibility of including 1-sided Replacer 2 components to edit a
target nucleic acid in a mammalian cell. This example shows the effectiveness of including a
DNA ligase coupled through a heterodimerization domain (here, leucine zippers) to an RNA
guided endonuclease (e.g. a nicking Cas9) in nucleic acid editing such as gene editing. This also
shows nucleic acid editing is possible in mammalian cells with a DNA ligase fused to an RNA
guided endonuclease (e.g. T4 ligase fused to Cas9 H840A nickase), and that nucleic acid
editing can be achieved by delivering the DNA ligase and RNA guided endonuclease as
separate non-coupled components.

Example 8. Use of 1-Sided Replacer 2 with nicking Cas9 and T4 DNA Ligase to make a
variety of edits at multiple genomic targets

Components used to edit genomic targets in HEK293T cells were co-delivered by lipofectamine
2000 transfection. The components included a chemically synthesized guide with 2’-O-methyl
and phosphorothioate chemical modifications on the 5” and 3’ ends, an integrating nucleic acid
with a 5’ phosphate end modification, a splinting nucleic acid with locked nucleic acid and
phosphorothioate modifications, an mRNA encoding nicking Cas9 (LZ-nCas9, SEQ ID NO:
147), and an mRNA encoding a ligase (T4-LZ, SEQ ID NO: 145). Target-specific guides,
splinting and integrating nucleic acids are listed in Table 15. The integrating nucleic acid and
splinting nucleic acid were synthesized by Integrated DNA Technologies (IDT) and both
mRNAs were generated via in vitro transcription reactions using the methods described in
Example 7. The gRNA contained a spacer, scaffold, and donor binding site. The splinting
integrating nucleic acid contained a guide binding site and a flap binding site. The ligating
integrating nucleic acid and splinting nucleic acid were partially complementary. The
integrating nucleic acid and splinting nucleic acid were hybridized using an annealing reaction,
then mixed with the guide RNA and mRNA and formulated with lipofectamine 2000 in
OptiMEM prior to delivery to the adherent HEK293 cells in 96-well plates. After 24-48 hours,
genomic DNA was extracted from the cells using QuickExtract and genomic targets were

amplified using Q5 DNA Polymerase. The PCR program ran at 98C for 30 seconds, then 35
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cycles of 98C for 5 seconds, 67C for 20 seconds, and 72C for 20 seconds, then finally 72C for 2

PCT/US2022/079567

minutes. PCR primers are listed in Table 15. PCR products were cleaned up with ExoCIP

treatment and submitted for next generation sequencing (NGS) by Azenta using their

Amplicon-EZ service. Sequencing reads were merged and aligned to the amplicon of interest,

and the percentage total reads that matched the intended edit was calculated (Fig. 10). This

example shows the effectiveness of gene editing with 1-sided Replacer 2 in mammalian cells at

a variety of genomic targets. The types of edits here include making a single point mutation

(HEK3 F +5 G to T), a pair of point mutations (VEGFAR +5 Gto T and +2 A to T, VEGFA F
+5 Gto T and +2 Gto C, and AAVS1 R +5 G to T), or a trinucleotide insertion (HEK3 F CAC
insertion and AAVS1 R CAC insertion) using 1-sided Replacer 2.

Table 15
Condition Guide Splint Donor PCR Primers
SEQ ID
SEQ ID NO: 170 NO: 174 )
mC*mA*mC*CCCGG | +C*C*+TT SEQ ID NO: 186
ACACTCTTTCCCTA
CUCUGGCUAAAGGU | +TC+CA+ )
SEQ ID NO: CACGACGCTCTTCC
UUUAGAGCUAGAA | AA+GC+C
VEGFA R 180 GATCTTGCCGCTCA
AUAGCAAGUUAAA | CHATHTC .
+5GtoT /5Phos/ATGA | CTTTGATGTCT,;
AUAAGGCUAGUCCG | +CA+TC+ i
and +2 A to TGGAATGG | SEQID NO: 187
UUAUCGACUUGAA | ATtagccag
T GCTTTGGAA | GACTGGAGTTCAG
AAAGUCGGACCGAG | agccggAC
AGG ACGTGTGCTCTTCC
UCGGUCCAGCUGCG | GCCA+C
GATCTGGGGAGAG
GUAUUGUGGMC*mG | A+AT+AC GGACACACAGA
*mU +CG+CA+
G*C*+T
SEQ ID
SEQ ID NO: 171 NO: 175 )
mG*mA*mU*GUCUG | +A*C*+A SEQ ID NO: 223
ACACTCTTTCCCTA
CAGGCCAGAUGAGU | A+TG+TG )
SEQ ID NO: CACGACGCTCTTCC
UUUAGAGCUAGAA | +CC+AT+ 181 GATCTTGCCGCTCA
VEGFAF | AUAGCAAGUUAAA | CT+GG+A _
/5Phos/TCAG | CTTTGATGTCT,
+5GtoT | AUAAGGCUAGUCCG | G+CA+CT i
TGCTCCAGA | SEQID NO: 224
and +2 Gto | UUAUCGACUUGAA | +GAtctgge
TGGCACATT | GACTGGAGTTCAG
C AAAGUCGGACCGAG | ctgcagaTC
GT ACGTGTGCTCTTCC
UCGGUCCGUGGUUC | ATGC+A
GATCTGGGGAGAG
CGGGCUGCAmMU*mG | G+CC+CG GGACACACAGA
*mA +GA+AC+
C*A*+C
SEQ ID NO: 172 SEQ ID SEQ ID NO: SEQ ID NO: 188
HEK3 F mG*mG*mC*ccagacug | NO: 176 182 ACACTCTTTCCCTA
CAC agcacgugaGUUUUAG | +G*C*+T | /5Phos/gtgTG | CACGACGCTCTTCC
inserfion AGCUAGAAAUAGC | T+CC+TT | ATGGCAGA | GATCTccctggectgggte
AAGUUAAAAUAAG |+TC+CT+ | GGAAAGGA | aatcc, SEQ ID NO: 189
GCUAGUCCGUUAUC | CT+GC+C | AGC GACTGGAGTTCAG
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Condition Guide Splint Donor PCR Primers
GACUUGAAAAAGU | A+TC+Ac ACGTGTGCTCTTCC
CGGACCGAGUCGGU | +accgtgcte GATCTctgaagggccaggt
CCGUGGUUCCGGGC | agtctgTCA ceete
UGCAMU*mG*mA TGC+AG+

CC+CG+G
A+ACHC*
A*+C
SEQ ID
SEQ ID NO: 221 e
mG*mG*mC*ccagacug G+CT+TC SEQ ID NO: 225
agcacgugaGUUUUAG LCTHIT+ | SEQ ID NO: ACACTCTTTCCCTA
AGCUAGAAAUAGC CC+TC+T | 183 ‘ CACGACGCTCTTCC
HEK3 F +5 AAGUUAAAAUAAG GLCA+AT | /5Phos/TGAT GAT.Cchctggcctgggtc
GioT GCUAGUCCGUUAUC +CAcatoct | TGCAGAGG aatcc; SEQ ID NO: 226
GACUUGAAAAAGU | - tcthgc ARAGOAAG | GACTGGAGTTCAG
CGGACCGAGUCGGU A%’Géﬂ x| coor ACGTGTGCTCTTCC
CCGUGGUUCCGGGC GLCC+CG GATCTctgaagggccaggt
UGCAMU*mG*mA +GA+ACH cccte
C*A*+C
SEQ ID
i NO: 178
i%%rg)cljn? G}*‘Zguccugg FART*4T SEQ ID NO: 190
aagugeccaGUUUUAG A+GC+AG SEQ ID NO: ACACTCTTTCCCTA
+AA+GT+ CACGACGCTCTTCC
AGCUAGAAAUAGC 184
GG+CC+C GATCTCGCCGGGA
AAVS1 R | AAGUUAAAAUAAG T+TG+Ge /5Phos/gtgCC ACTGCCGCTGGC:
CAC GCUAGUCCGUUAUC tacccactteo AAGGGCCA SEQ ID NO: 191 ’
insertion | GACUUGAAAAAGU CTTCTGCTA )
aggACGC GACTGGAGTTCAG
CGGACCGAGUCGGU AT
CCAGCUGCGGUAUU CA+CA+A ACGTGTGCTCTTCC
GUGGMC*mG*mU T+AC+CG GATCTGAGGAGGC
+CA+G*C CCTCATCTGGCG
*+T
SEQ ID
, NO: 179
SEG% H)CI;IOG,%ZZ +T*C*+C SEQ ID NO: 227
;‘; m Cczﬁfég A+TT+AG ACACTCTTTCCCTA
Aé‘égl_g] GAAAUAGE | TCA*GA* | SEQIDNO: | CACGACGCTCTTCC
AAGUUAAAAUAAG AGHTG+G | 185 GATCTCGCCGGGA

AAVS1R GCUAGUCCGUUAUC C+CA+TT | /5Phos/CCAA ACTGCCGCTGGC;

+5GtoT GACUUGAAAAAGU +GGececactt | TGGCCACTT SEQ ID NO: 228
CGGACCGAGUCGGU ccaggACG | CTGCTAATG | GACTGGAGTTCAG
CCAGCUGCGGUAUU CCA+CA+ | GA ACGTGTGCTCTTCC
GUGGMC*mG*mU AT+AC+C GATCTGAGGAGGC

G+CA+G* CCTCATCTGGCG

C*+T
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Example 9. Use of 2-Sided Replacer 2 with nicking Cas9 and T4 DNA Ligase to make
deletions and sequence replacements at multiple genomic targets
[00280] Components used to edit genomic targets in HEK293T cells were co-delivered by
lipofectamine 2000 transfection. The components included two chemically synthesized guides
with 2°-O-methyl and phosphorothioate chemical modifications on the 5” and 3’ ends, two
integrating nucleic acids with a 5° phosphate end modification, two splinting nucleic acids with
locked nucleic acid and phosphorothioate modifications, an mRNA encoding nicking Cas9 (LZ-
nCas9, SEQ ID NO: 147), and an mRNA encoding a ligase (T4-LZ, SEQ ID NO: 145). For
both “VEGFA replacement of 175nt with attB” and “VEGFA 175nt deletion”, the two guide
RNAs used were VEGFA R (SEQ ID NO: 170) and VEGFA_F (SEQ ID NO: 171). For both
“AAVSI replacement of 117nt with attB” and “AAVS1 117nt deletion”, the two guide RNAs
used were AAVS1 R (SEQ ID NO: 173) and AAVS1 F (SEQ ID NO: 192,
mG*mC*mU*ggccccccaccgccccaGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGG
CUAGUCCGUUAUCGACUUGAAAAAGUCGGACCGAGUCGGUCCGUGGUUCCGGGC
UGCAmU*mG*mA). For “VEGFA replacement of 175nt with attB”, the splinting nucleic
acids used were SEQ ID NO: 193
(+g*g*+agtactcgtcctgttcgttetgatcatagtectetggectgecagaTCATGC+AG+HCC+CG+HGA+AC
+C*A*+C) and SEQ ID NO: 194
(+g*g*+cgtgtrctteetgttcegttctagtgattetattagecagagecggACGCCA+CA+AT+AC+HCG+HCA
+G*C*+T), and the integrating nucleic acids used were SEQ ID NO: 195
(/5Phos/ggcttgtcgacgacggeggtctec) and SEQ ID NO: 196 (/5Phos/atgatcctgacgacggagaccgcec).
For “VEGFA 175nt deletion”, the splinting nucleic acids used were SEQ ID NO: 197
(+C*C*+GT+CT+GC+ACHACHCC+CG+GC+TC+TG+HGC+TAtctggectgcagaTCATGCHAG+
CC+CG+GA+AC+C*A*+C) and SEQ ID NO: 198
(+G*C*+TC+ACH+TT+TGHAT+GT+CT+GC+AG+GC+CA+GAtagecagageccggACGCCA+CA
+AT+AC+CG+CA+G*C*+T), and the integrating nucleic acids used were SEQ ID NO: 199
(/5Phos/TAGCCAGAGCCGGGGTGTGCAGACGG) and SEQ ID NO: 200
(/5Phos/TCTGGCCTGCAGACATCAAAGTGAGC). For “AAVSI replacement of 117nt with
attB”, the splinting nucleic acids used were SEQ ID NO: 201
(+g*g*+agtactcgtcctgttegttetgatcatagtcecggeggtggeTCATGCHAGHCCHCGHGA+ACHC
*A*+C) and SEQ ID NO: 202
(+g*g*+cgtgttcttcetgttcegrtctagtgattetatccacttccaggACGCCA+CA+AT+HACHCGHCA+G
*C*+T), and the integrating nucleic acids used were SEQ ID NO: 195 and SEQ ID NO: 196.
For “AAVSI 117nt deletion”, the splinting nucleic acids used were SEQ ID NO: 203
(+C*G*+GGHGCHACHAGHCGHACHTCHCT+GGHAA+GT+GGggegetgge TCATGCHAGHC
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C+CG+GA+AC+C*A*+C) and SEQ ID NO: 204
(+G*G*+AA+CT+GC+CGHCT+GGHCCHCCHCCHACHCGHCCecacttccaggACGCCA+CA+A
T+AC+CG+CA+G*C*+T), and the integrating nucleic acids used were SEQ ID NO: 205
(/5Phos/CCACTTCCAGGAGTCGCTGTGCCCCQG) and SEQ ID NO: 206
(/5Phos/GGCGGTGGGGGGCCAGCGGCAGTTCC). The integrating nucleic acid and
splinting nucleic acid were synthesized by Integrated DNA Technologies (IDT) and both
mRNAs were generated via in vitro transcription reactions using the methods described in
Example 7. The gRNA contained a spacer, scaffold, and donor binding site. The splinting
integrating nucleic acid contained a guide binding site and a flap binding site. There were two
pairs of ligating integrating nucleic acid and splinting nucleic acid, and each pair was partially
complementary to each other. The integrating nucleic acid and splinting nucleic acid were
hybridized using an annealing reaction, then mixed with the guide RNA and mRNA and
formulated with lipofectamine 2000 in OptiMEM prior to delivery to the adherent HEK293
cells in 96-well plates. After 24-48 hours, genomic DNA was extracted from the cells using
QuickExtract and genomic targets were amplified using Q5 DNA Polymerase. The PCR
program ran at 98C for 30 seconds, then 35 cycles of 98C for 5 seconds, 67C for 20 seconds,
and 72C for 20 seconds, then finally 72C for 2 minutes. PCR primers used for both “VEGFA
replacement of 175nt with attB” and “VEGFA 175nt deletion” are SEQ ID NO: 186 and SEQ
ID NO: 187. PCR primers used for both “AAVSI1 replacement of 117nt with attB” and
“AAVS1 117nt deletion” are SEQ ID NO: 190 and SEQ ID NO: 191. PCR products were
cleaned up with ExoCIP treatment and submitted for next generation sequencing (NGS).
Sequencing reads were merged and aligned to the amplicon of interest, and the percentage total
reads that matched the intended edit was calculated (Fig. 11). This example shows that when
Replacer 2 is delivered as 2 full sets of guide RNA, splint, and donor, it can delete an entire
region of DNA between the nicking sites on each guide RNA, and optionally replace that region
of DNA with a new DNA sequence. Since Replacer is making two separate flaps that can
hybridize to each other here, this gene editing mechanism would not rely on the MMR pathway.
After an attB sequence is inserted into a targeted site in the genome by Replacer, an entire
synthetic gene could be inserted at that attB site if it is delivered with a Bxb1 integrase. Thus,
the attB sequence replacement described here could be used for targeted insertion of large 1kb+
DNA fragments into the genome without double strand break or mismatch repair mediated gene

editing.
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Example 10. Use of 1-Sided Replacer 2 with nicking Cas9 and T4 DNA Ligase to integrate
methylated DNA into a genomic target
[00281] Components used to edit genomic targets in HEK293T cells were co-delivered by
lipofectamine 2000 transfection. The components included a chemically synthesized guide with
2’-O-methyl and phosphorothioate chemical modifications on the 5” and 3’ ends (SEQ ID NO:
166), an integrating nucleic acid, a splinting nucleic acid, an mRNA encoding nicking Cas9
(LZ-nCas9, SEQ ID NO: 147), and an mRNA encoding a ligase (T4-LZ, SEQ ID NO: 145).
Conditions with the “non-methylated donor” used an integrating nucleic acid with a 5’
phosphate end modification (SEQ ID NO: 207, /5Phos/CGTATGTCAGGGTGGTCACG).
Conditions with the “donor with all cytosines methylated” used an integrating nucleic acid with
a 5’ phosphate end modification and methylated cytosines (SEQ ID NO: 207, /5Phos//5SMe-
dC/gtaTgt/iMe-dC/agggtggt/iMe-dC/a/iMe-dC/G). Conditions under “Splint is LNA” used a
splinting nucleic acid with locked nucleic acid and phosphorothioate modifications (SEQ ID
NO: 208,
+C*g*+tg+ac+catcctcttgatcA+TA+CGGCGTGCAgtgctt ACGCCA+CA+AT+ACHCG+CA+
G*C*+T). Conditions under “Splint is OMe” used a splinting nucleic acid with locked nucleic
acid, 2’-O-methyl, and phosphorothioate modifications (SEQ ID NO: 209,
mC*g*mUgmacmcamcemctmgamcAmUAmMCGGCGTGCAgtgctt ACGCCA+CA+AT+ACHC
G+CA+G*C*+T). The integrating nucleic acid and splinting nucleic acid were synthesized by
Integrated DNA Technologies (IDT) and both mRNAs were generated via in vitro transcription
reactions using the methods described in Example 7. The gRNA contained a spacer, scaffold,
and donor binding site. The splinting integrating nucleic acid contained a guide binding site and
a flap binding site. The ligating integrating nucleic acid and splinting nucleic acid were partially
complementary. The integrating nucleic acid and splinting nucleic acid were hybridized using
an annealing reaction, then mixed with the guide RNA and mRNA and formulated with
lipofectamine 2000 in OptiMEM prior to delivery to the adherent HEK293 cells in 96-well
plates. After 24-48 hours, the cells were detached with 0.05% Trypsin-EDTA and run through a
flow cytometer to measure the percentage of cells expressing green fluorescent protein (GFP),
indicating gene editing from BFP to GFP (Fig. 12). This example shows that methylated DNA
can be used in the integrating nucleic acid and does not negatively impact editing efficiency
under ideal conditions, when the splint has LNA bases. When the splint has OMe bases instead
of LNAs and thus lower affinity to the donor, methylated DNA in the donor boosts efficiency,
showing that DNA methylation can improve the system by stabilizing the nucleic acid
components. A methylated donor could also be used to specifically introduce DNA methylation

into the genome at functional epigenetic sites such as promoters to regulate gene expression. A
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follow-up experiment could be conducted by performing bisulfite sequencing on the genomic
region that Replacer is introducing methylated DNA into to confirm that epigenetic editing has
occurred. If Replacer successfully introduces DNA methylation into this genomic region and it
is believed that the region’s methylation state controls gene expression, quantitative PCR could

be conducted to confirm that a gene of interest has reduced mRNA expression after editing.

[00282] While preferred embodiments of the present invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by way
of example only. It is not intended that the invention be limited by the specific examples
provided within the specification. While the invention has been described with reference to the
aforementioned specification, the descriptions and illustrations of the embodiments herein are
not meant to be construed in a limiting sense. Numerous variations, changes, and substitutions
will now occur to those skilled in the art without departing from the invention. Furthermore, it
shall be understood that all aspects of the invention are not limited to the specific depictions,
configurations or relative proportions set forth herein which depend upon a variety of
conditions and variables. It should be understood that various alternatives to the embodiments
of the invention described herein may be employed in practicing the invention. It is therefore
contemplated that the invention shall also cover any such alternatives, modifications, variations
or equivalents. It is intended that the following claims define the scope of the invention and that
methods and structures within the scope of these claims and their equivalents be covered
thereby.

[00283] While the foregoing disclosure has been described in some detail for purposes of
clarity and understanding, it will be clear to one skilled in the art from a reading of this
disclosure that various changes in form and detail can be made without departing from the true
scope of the disclosure. For example, all the techniques and apparatus described above can be
used in various combinations. All publications, patents, patent applications, and/or other
documents cited in this application are incorporated by reference in their entirety for all
purposes to the same extent as if each individual publication, patent, patent application, and/or
other document were individually and separately indicated to be incorporated by reference for

all purposes.
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WHAT IS CLAIMED IS:

1. A system, comprising;

an endonuclease coupled to a DNA ligase; and

an integrating nucleic acid configured to be ligated by the DNA ligase to a strand break
generated by the endonuclease in a target nucleic acid.

2. The system of claim 1, wherein the coupling is covalent.

3. The system of claim 2, comprising a fusion protein comprising the endonuclease and the
DNA ligase.

4. The system of claim 3, wherein the endonuclease is amino (N)-terminal relative to the DNA
ligase within the fusion protein.

5. The system of claim 3, wherein the endonuclease is carboxy (C)-terminal relative to the
DNA ligase within the fusion protein.

6. The system of claim 3, wherein the fusion protein comprises a linker comprising 1-100
amino acids connecting the endonuclease and the DNA ligase.

7. The system of claim 1, wherein the coupling is non-covalent.

8. The system of claim 7, wherein the endonuclease coupled to the DNA ligase comprises a first
polypeptide comprising at least part of the endonuclease, and a second polypeptide comprising
at least part of the DNA ligase, wherein the first and second polypeptides are non-covalently
coupled.

9. The system of claim 8, wherein the first polypeptide comprises a first heterodimerization
domain that binds a second heterodimerization domain, and wherein the second polypeptide
comprises the second heterodimerization domain.

10. The system of claim 9, wherein the heterodimer domains comprise a leucine zipper, PDZ
domain, streptavidin, streptavidin binding protein, foldon domain, hydrophobic moiety, or a
functional binding fragment thereof.

11. The system of claim 8, wherein the first polypeptide comprises a first intein that binds a
second intein, and wherein the second polypeptide comprises the second intein.

12. The system of claim 1, wherein the ligase comprises a hairpin binding motif, and wherein
the endonuclease and the DNA ligase are coupled with a nucleic acid comprising a scaffold that
binds to the endonuclease and a hairpin that binds to the hairpin binding motif.

13. The system of claim 12, wherein the hairpin binding motif comprises an MS2 coat protein
(MCP) peptide, and wherein the hairpin comprises an MS2 hairpin.

14. The system of claim 1, wherein the endonuclease and the DNA ligase are coupled with a
heterobifunctional molecule comprising an endonuclease binding domain and a DNA ligase

binding domain.
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15. The system of claim 14, wherein the heterobifunctional molecule comprises a small
molecule.

16. A system comprising a cell containing an RNA-guided endonuclease and a DNA ligase,
both of which are heterologous to the cell, and an integrating nucleic acid configured to be
ligated by the DNA ligase to a strand break generated by the endonuclease in a target nucleic
acid.
17. A system comprising a cell containing a heterologous RNA-guided endonuclease, an
endogenous DNA ligase, and an integrating nucleic acid configured to be ligated by the DNA
ligase to a strand break generated by the endonuclease in a target nucleic acid.
18. The system of any one of claims 1-17, wherein the endonuclease comprises an RNA-guided
endonuclease.
19. The system of claim 18, wherein the endonuclease comprises a class I CRISPR/Cas
endonuclease.
20. The system of claim 19, wherein the endonuclease comprises a Cas9 endonuclease.
21. The system of claim 18, wherein the endonuclease comprises a nickase.
22. The system of claim 21, wherein the endonuclease comprises a Cas9 nickase.
23. The system of any one of claims 1-17, wherein the DNA ligase ligates DNA strands base
paired to a DNA splint.
24. The system of any one of claims 1-17, wherein the DNA ligase ligates DNA strands base
paired to an RNA splint.
25. The system of any one of claims 1-17, wherein the endonuclease or the DNA ligase
comprises a nuclear localization signal, chromatin modifying domain, cell penetrating peptide,
or tag polypeptide.
26. The system of claim 18, further comprising a guide RNA.
27. One or more nucleic acids encoding the endonuclease or DNA ligase of any one of claims
1-16.
28. A cell comprising the system of any one of claims 1-15.
29. A system of nucleic acids comprising:
a. a guide nucleic acid comprising:
i. aspacer complementary to a region of a genomic locus of a genomic
strand,
ii. a scaffold for complexing with an endonuclease,
iii. an optional donor binding site that is at least partially complementary to

an integrating nucleic acid, and
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iv. aflap binding site that is at least partially identical or complementary to a
genomic flap at or adjacent to the genomic locus; and
b. an integrating nucleic acid comprising a 5° end to be ligated to a 3’ terminus of
the genomic strand generated by the endonuclease.
30. A system of nucleic acids comprising:
a. aguide nucleic acid comprising:
i. aspacer complementary to a region of a genomic locus of a genomic
strand,
ii. a scaffold for complexing with an endonuclease, and
iii. an optional donor binding site that is at least partially complementary to a
splinting nucleic acid,;
b. an integrating nucleic acid comprising a 5’ end to be ligated to a 3’ terminus of
the genomic strand generated by the endonuclease; and
c. asplinting nucleic acid comprising a flap binding site that is at least partially
identical or complementary to a genomic flap at or adjacent to the genomic
locus, and comprising an optional guide binding site that is at least partially
complementary to a guide nucleic acid.
31. The system of claim 29 or 30, wherein the genomic strand is in a cell.
32. The system of claim 29 or 30, wherein the splinting nucleic acid further comprises a donor
binding site that is at least partially identical or complementary to a portion of the integrating
nucleic acid.
33. The system of any one of claims 29 or 30, wherein the guide nucleic acid comprises a
sequence of linking nucleic acids between the scaffold and the donor binding site.
34. The system of any one of claims 29 or 30, wherein the guide nucleic acid, the integrating
nucleic acid, or the splinting nucleic acid comprises a modified internucleoside linkage.
35. The system of claim 34, wherein the modified internucleoside linkage comprises a
phosphorothioate linkage.
36. The system of claim 29 or 30, wherein the guide nucleic acid, the integrating nucleic acid,
or the splinting nucleic acid comprises a modified nucleoside.
37. The system of claim 36, wherein the modified nucleoside comprises a locked nucleic acid
(LNA), a 2’fluoro, a 2’ O-alkyl, a methylated cytosine, an inverted thymidine, or a combination
thereof.
38. The system of claim 29 or 30, wherein the endonuclease comprises an RNA-guided

endonuclease.

-161-



WO 2023/086834 PCT/US2022/079567
39. The system of claim 38, wherein the endonuclease comprises a class II CRISPR/Cas
endonuclease.

40. The system of claim 39, wherein the endonuclease comprises a Cas9 endonuclease.
41. The system of claim 38, wherein the endonuclease comprises a nickase.

42. The system of claim 41, wherein the endonuclease comprises a Cas9 nickase.
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