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NUCLEOBASE EDITORS HAVING REDUCED NON-TARGET DEAMINATION
AND ASSAYS FOR CHARACTERIZING NUCLEOBASE EDITORS

CROSS-REFERENCE
This application claims the benefit of U.S. Provisional Patent Application No.
62/799,702, filed January 31, 2019, the contents of which are incorporated herein by

reference in its entirety.

BACKGROUND OF THE INVENTION

Deaminases combined with the precise targeting of CRISPR-Cas proteins, termed
nucleobase editors, have the ability to introduce specific point mutations into target
polynucleotides. Nucleobase editors induce base changes without introducing double-
stranded DNA breaks, and include adenosine base editors that convert target A*T to G*C and
cytidine base editors that convert target C+G to T*A. However, introduction of nucleobase
editors in cells has the potential to generate undesired base editor-associated edits, including
genome-wide spurious deamination, bystander mutation, and target proximal edits. Spurious
deamination events may occur throughout the genome, catalyzed by the base editor
deamination domain acting independently of targeted base editing via programming of
CRISPR-Cas domain by a guide RNA. Without being bound by theory, genome-wide
spurious deamination events have the potential to occur where a single stranded DNA
substrate is formed, for example due to “DNA breathing” or at DNA replication forks.
Target proximal edits are base editing events that occur outside the on-target sequence, but
are within ~ 200bp upstream or downstream of the targeted region. Bystander mutations are
mutations that occur within the on-target, Cas9/sgRNA guided, base editing window which
are not the desired target nucleobase. Bystander mutation may result in either silent mutation
(no amino acid change) or non-synonymous mutation (amino acid change). Thus, there is a

need for base editors having reduced non-target deamination.

SUMMARY OF THE INVENTION
As described below, the present invention features nucleobase editor compositions
and methods and assays for characterizing nucleobase editors as having decreased non-target
deamination, e g compared to programmed, on-target deamination.
Compositions and articles defined by the invention were isolated or otherwise

manufactured in connection with the examples provided below. Other features and
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advantages of the invention will be apparent from the detailed description, and from the
claims.

In one aspect provided herein is a fusion protein comprising a deaminase inserted
within a flexible loop of a Cas9 polypeptide, wherein the fusion protein comprises the
structure:

NH2-[N-terminal fragment of a Cas9]-[deaminase]-[C-terminal fragment of a Cas9]-
COOH, wherein each instance of “]-[* is an optional linker.

In one aspect provided herein is a fusion protein comprising a deaminase flanked by a
N- terminal fragment and a C-terminal fragment of a Cas9 polypeptide, wherein the C-
terminus of the N terminal fragment or the N-terminus of the C terminal fragment comprises
a part of a flexible loop of the Cas9 polypeptide.

In some embodiments, the deaminase of the fusion protein deaminates a target
nucleobase in a target polynucleotide sequence. In some embodiments, the flexible loop
comprises an amino acid in proximity to the target nucleobase when the fusion protein
deaminates the target nucleobase. In some embodiments, the flexible loop comprises a part
of an alpha-helix structure of the Cas9 polypeptide. In some embodiments, the target
nucleobase is deaminated with lower off-target deamination as compared to an end terminus
fusion protein comprising the deaminase fused to a N terminus or a C terminus of SEQ ID
NO: 1.

In some embodiments, the target nucleobase is 1-20 nucleobases away from a
Protospacer Adjacent Motif (PAM) sequence in the target polynucleotide sequence. In some
embodiments, the target nucleobase is 2-12 nucleobases upstream of the PAM sequence. In
some embodiments, the flexible loop comprises a region selected from the group consisting
of amino acid residues at positions 530-537, 569-579, 686-691, 768-793, 943-947, 1002-
1040, 1052-1077, 1232-1248, and 1298-1300 as numbered in SEQ ID NO: 1, or a
corresponding region thereof. In some embodiments, the deaminase is inserted between
amino acid positions 768-769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-
1030, 1040-1041, 1052-1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249
as numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof.

In some embodiments, the deaminase is inserted between amino acid positions 768-
769, 792-793, 1022-1023, 1026-1027, 1040-1041, 1068-1069, or 1247-1248 as numbered in
SEQ ID NO: 1 or corresponding amino acid positions thereof. In some embodiments, the

deaminase is inserted between amino acid positions 1016-1017, 1023-1024, 1029-1030,
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1040-1041, 1069-1070 or 1247-1248 as numbered in SEQ ID NO: 1 or corresponding amino
acid positions thereof.

In some embodiments, the N-terminal fragment comprises amino acid residues 1-529,
538-568, 580-685, 692-942 948-1001, 1026-1051, 1078-1231, and/or 1248-1297 of the Cas9
polypeptide as numbered in SEQ ID NO: 1, or corresponding residues thereof. In some
embodiments, the C-terminal fragment comprises amino acid residues 1301-1368, 1248-
1297, 1078-1231, 1026-1051, 948-1001, 692-942, 580-685, and/or 538-568 of the Cas9
polypeptide as numbered SEQ ID NO: 1, or corresponding residues thercof. In some
embodiments, the N terminal fragment or the C terminal fragment of the Cas9 polypeptide
binds the target polynucleotide sequence.

In some embodiments, the N- terminal fragment or the C-terminal fragment of the
Cas9 polypeptide comprises a DNA binding domain. In some embodiments, the N-terminal
fragment or the C-terminal fragment comprises a RuvC domain. In some embodiments, the
N-terminal fragment or the C terminal fragment comprises a HNH domain. In some
embodiments, neither of the N-terminal fragment and the C-terminal fragment comprises a
HNH domain. In some embodiments, neither of the N-terminal fragment and the C-terminal
fragment comprises a RuvC domain. In some embodiments, the Cas9 polypeptide comprises
a partial or complete deletion in one or more structural domains. In some embodiments, the
deaminase is inserted at the partial or complete deletion position of the Cas9 polypeptide.

In some embodiments, the deletion is within a RuvC domain. In some embodiments,
the deletion is within an HNH domain. In some embodiments, the deletion bridges a RuvC
domain and a C-terminal domain, a L-I1 domain and a HNH domain, or a RuvC domain and a
L-I domain. In some embodiments, the Cas9 polypeptide comprises a deletion of amino acids
1017-1069 as numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some
embodiments, the Cas9 polypeptide comprises a deletion of amino acids 792-872 as
numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some embodiments, the
Cas9 polypeptide comprises a deletion of amino acids 792-906 as numbered in SEQ ID NO:
1 or corresponding amino acids thereof.

In one aspect, provided herein is a fusion protein comprising a deaminase inserted
within a Cas9 polypeptide, wherein the fusion protein comprises the structure:

NH2-[N-terminal fragment of a Cas9]-[deaminase]-[C-terminal fragment of a Cas9]-
COOH, wherein each instance of “]-[* is an optional linker, wherein the Cas9 polypeptide
comprises a complete deletion of a HNH domain, and wherein the deaminase is inserted at

the deletion position.
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In some embodiments, the C terminal amino acid of the N terminal fragment is amino
acid 791 as numbered in SEQ ID NO: 1. In some embodiments, the N terminal amino acid of
the C terminal fragment is amino acid 907 as numbered in SEQ ID NO: 1. In some
embodiments, the N terminal amino acid of the C terminal fragment is amino acid 873 as
numbered in SEQ ID NO: 1.

In one aspect provided herein is a fusion protein comprising a deaminase inserted
within a Cas9 polypeptide, wherein the fusion protein comprises the structure:

NH2-[N-terminal fragment of a Cas9]-[deaminase]-|C-terminal fragment of a Cas9]-
COOH, wherein each instance of “]-[“ is an optional linker, and wherein the Cas9 comprises
a complete deletion of a RuvC domain and wherein the deaminase is inserted at the deletion
position.

In some embodiments, the deaminase is a cytidine deaminase or an adenosine
deaminase. In some embodiments, the cytidine deaminase is an APOBEC cytidine
deaminase, an activation induced cytidine deaminase (AID), or a CDA. In some
embodiments, the APOBEC deaminase is APOBEC1, APOBEC2, APOBEC3A,
APOBEC3B, APOBEC3C, APOBEC3D, APOBEC3E, APOBEC3F, APOBEC3G,
APOBEC3H, or APOBEC4. In some embodiments, the APOBEC deaminase is rAPOBEC].
In some embodiments, the fusion protein of any one of aspects above further comprises a
UGI domain.

In some embodiments, the adenosine deaminase is a TadA deaminase. In some
embodiments, the TadA deaminase is a modified TadA. In some embodiments, the TadA
deaminase is a TadA 7.10. In some embodiments, the adenosine deaminase is a TadA dimer.
In some embodiments, the TadA dimer comprises a TadA 7.10 and a wild type TadA. In
some embodiments, the optional linker comprises (SGGS)n, (GGGS)n, (GGGGS) n, (G)n,
(EAAAK)n, (GGS)n, SGSETPGTSESATPES, or (XP)n motif, or a combination thereof,
wherein n is independently an integer between 1 and 30.

In some embodiments, the N terminal fragment of the Cas9 polypeptide is fused to the
deaminase without a linker. In some embodiments, the C terminal fragment of the Cas9 is
fused to the deaminase without a linker. In some embodiments, the fusion protein of any one
of aspects above, further comprises an additional catalytic domain.

In some embodiments, the additional catalytic domain is a second deaminase. In some
embodiments, the second deaminase is fused to the N terminus or the C terminus of the
fusion protein. In some embodiments, the deaminase is a cytidine deaminase or an adenosine

deaminase. In some embodiments, the fusion protein of any one of aspects above further
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comprises a nuclear localization signal. In some embodiments, the nuclear localization signal
is a bipartite nuclear localization signal. In some embodiments, the Cas9 polypeptide is a
Streptococcus pyogenes Cas9 (SpCas9), Staphylococcus aureus Cas9 (SaCas9),
Streptococcus thermophilus 1 Cas9 (St1Cas9), or variants thereof. In some embodiments, the
Cas9 polypeptide is a modified Cas9 and has specificity for an altered PAM. In some
embodiments, the Cas9 polypeptide is a nickase. In some embodiments, the Cas9 polypeptide
is nuclease inactive. In some embodiments, the fusion protein of any one of aspects above in
complex with a guide nucleic acid sequence to effect deamination of the target nucleobase. In
some embodiments, the fusion protein is further complexed with the target polynucleotide.

Provided herein is a polynucleotide encoding the fusion protein of any one of aspects
above.

Provided herein is an expression vector comprising the polynucleotide described
above.

In some embodiments, the expression vector is a mammalian expression vector. In
some embodiments, the vector is a viral vector selected from the group consisting of adeno-
associated virus (AAV), retroviral vector, adenoviral vector, lentiviral vector, Sendai virus
vector, and herpesvirus vector. In some embodiments, the vector comprises a promoter.

Provided herein is a cell comprising the fusion protein of any one of aspects above,
the polynucleotide described above, or the vector described above.

In some embodiments, the cell is a bacterial cell, plant cell, insect cell, a human cell,
or mammalian cell.

Provided herein is a kit comprising the fusion protein of any one of aspects above, the
polynucleotide described above, or the vector described above.

Provided herein is a method for base editing comprising contacting a polynucleotide
sequence with the fusion protein of any one of aspects above, wherein the deaminase of the
fusion protein deaminates a nucleobase in the polynucleotide, thereby editing the
polynucleotide sequence.

In some embodiments, the method further comprises contacting the target
polynucleotide sequence with a guide nucleic acid sequence to effect deamination of the
target nucleobase.

In one aspect, provided herein is a method for editing a target nucleobase in a target
polynucleotide sequence, the method comprising: contacting the target polynucleotide
sequence with a fusion protein comprising a deaminase flanked by a N- terminal fragment

and a C-terminal fragments of a Cas9 polypeptide, wherein the deaminase of the fusion
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protein deaminates the target nucleobase in the target polynucleotide sequence, and wherein
the C-terminus of the N terminal fragment or the N-terminus of the C terminal fragment
comprises a part of a flexible loop of the Cas9 polypeptide.

Provided herein is a method for editing a target nucleobase in a target polynucleotide
sequence, the method comprising: contacting the target polynucleotide sequence with a
fusion protein comprising a deaminase inserted within a flexible loop of a Cas9 polypeptide,
wherein the fusion protein comprises the structure NH2-[N-terminal fragment of a Cas9]-
[deaminase]-[C-terminal fragment of a Cas9]-COOH, wherein cach instance of “]-[“ is an
optional linker, wherein the deaminase of the fusion protein deaminates the target nucleobase
in the target polynucleotide sequence.

In some embodiments, the method further comprises contacting the target
polynucleotide sequence with a guide nucleic acid sequence to effect deamination of the
target nucleobase. In some embodiments, the guide nucleic acid sequence comprises a spacer
sequence complementary to a protospacer sequence of the target polynucleotide sequence,
thereby forming a R-loop. In some embodiments, the target nucleobase is deaminated with
lower off-target deamination as compared to an end terminus method comprising the
deaminase fused to a N terminus or a C terminus of SEQ ID NO: 1. In some embodiments,
the deaminase of the fusion protein deaminates no more than two nucleobases within the
range of the R-loop. In some embodiments, the target nucleobase is 1-20 nucleobases away
from a PAM sequence in the target polynucleotide sequence. In some embodiments, the
target nucleobase is 2-12 nucleobases upstream of the PAM sequence.

In some embodiments, the flexible loop comprises an amino acid in proximity to the
target nucleobase when the deaminase of the fusion protein deaminates the target nucleobase.
In some embodiments, the flexible loop comprises a region selected from the group
consisting of amino acid residues at positions 530-537, 569-579, 686-691, 768-793, 943-947,
1002-1040, 1052-1077, 1232-1248, and 1298-1300 as numbered in SEQ ID NO: 1, or a
corresponding region thereof. In some embodiments, the deaminase is inserted between
amino acid positions 768-769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-
1030, 1040-1041, 1052-1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249
as numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof. In some
embodiments, the deaminase is inserted between amino acid positions 768-769, 792-793,
1022-1023, 1026-1027, 1040-1041, 1068-1069, or 1247-1248 as numbered in SEQ ID NO: 1
or corresponding amino acid positions thereof. In some embodiments, the deaminase is

inserted between amino acid positions 1016-1017, 1023-1024, 1029-1030, 1040-1041, 1069-
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1070 or 1247-1248 as numbered in SEQ ID NO: 1 or corresponding amino acid positions
thereof.

In some embodiments, the N-terminal fragment comprises amino acid residues 1-529,
538-568, 580-685, 692-942 948-1001, 1026-1051, 1078-1231, and/or 1248-1297 of the Cas9
polypeptide as numbered in SEQ ID NO: 1, or corresponding residues thereof. In some
embodiments, the C-terminal fragment comprises amino acid residues 1301-1368, 1248-
1297, 1078-1231, 1026-1051, 948-1001, 692-942, 580-685, and/or 538-568 of the Cas9
polypeptide as numbered SEQ ID NO: 1, or corresponding residues thercof. In some
embodiments, the N terminal fragment or the C terminal fragment of the Cas9 polypeptide
binds the target polynucleotide sequence. In some embodiments, the N-terminal fragment or
the C-terminal fragment comprises a RuvC domain. In some embodiments, the N-terminal
fragment or the C-terminal fragment comprises a HNH domain. In some embodiments,
neither of the N-terminal fragment and the C-terminal fragment comprises a HNH domain. In
some embodiments, neither of the N-terminal fragment and the C-terminal fragment
comprises a RuvC domain.

In some embodiments, the Cas9 polypeptide comprises a partial or complete deletion
in one or more structural domains. In some embodiments, the deaminase is inserted at the
partial or complete deletion position of the Cas9 polypeptide. In some embodiments, the
deletion is within a RuvC domain. In some embodiments, the deletion is within an HNH
domain. In some embodiments, the deletion bridges a RuvC domain and a C-terminal
domain, a L-I domain and a HNH domain, or a RuvC domain and a L-I domain. In some
embodiments, the Cas9 polypeptide comprises a deletion of amino acids 1017-1069 as
numbered in SEQ ID NO: 1 or corresponding amino acids thereof.

In some embodiments, the Cas9 polypeptide comprises a deletion of amino acids 792-
872 as numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some
embodiments, the Cas9 polypeptide comprises a deletion of amino acids 792-906 as
numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some embodiments, the
deaminase is a cytidine deaminase. In some embodiments, the deaminase is an adenosine
deaminase. In some embodiments, the Cas9 polypeptide is a modified Cas9 and has
specificity for an altered protospacer-adjacent motif (PAM). In some embodiments, the Cas9
polypeptide is a nickase. In some embodiments, the Cas9 polypeptide is nuclease inactive.

In some embodiments, the contacting is performed in a cell. In some embodiments,
the cell is a mammalian cell or a human cell. In some embodiments, the cell is a pluripotent

cell. In some embodiments, the cell is in vivo or ex vivo. In some embodiments, the
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contacting is performed in a population of cells. In some embodiments, the population of
cells are mammalian cells or human cells.

In one aspect provided herein is a method for treating a genetic condition in a subject,
the method comprising: administering to the subject a fusion protein comprising a deaminase
flanked by a N- terminal fragment and a C-terminal fragment of a Cas9 polypeptide or a
polynucleotide encoding the fusion protein, and a guide nucleic acid sequence or a
polynucleotide encoding the guide nucleic acid sequence, wherein the guide nucleic acid
sequence directs the fusion protein to deaminate a target nucleobase in a target
polynucleotide sequence of the subject, thereby treating the genetic condition.

Provided herein is a method for treating a genetic condition in a subject, the method
comprising: administering to the subject a fusion protein comprising a deaminase inserted
within a flexible loop of a Cas9 polypeptide, wherein the fusion protein comprises the
structure NH2-[N-terminal fragment of a Cas9]-[deaminase]-[C-terminal fragment of a
Cas9]-COOH, wherein each instance of “]-[* is an optional linker, wherein the deaminase of
the fusion protein deaminates the target nucleobase in the target polynucleotide sequence of
the subject, thereby treating the genetic condition.

In some embodiments, the C-terminus of the N terminal fragment or the N-terminus
of the C terminal fragment comprises a part of a flexible loop of the Cas9 polypeptide. In
some embodiments, the method further comprises administering to the subject a guide
nucleic acid sequence to effect deamination of the target nucleobase. In some embodiments,
the target nucleobase comprises a mutation associated with the genetic condition. In some
embodiments, the deamination of the target nucleobase replaces the target nucleobase with a
wild type nucleobase. In some embodiments, the deamination of the target nucleobase
replaces the target nucleobase with a non-wild type nucleobase, and wherein the deamination
of the target nucleobase ameliorates symptoms of the genetic condition.

In some embodiments, the target polynucleotide sequence comprises a mutation
associated with the genetic condition at a nucleobase other than the target nucleobase. In
some embodiments, the deamination of the target nucleobase ameliorates symptoms of the
genetic condition. In some embodiments, the target nucleobase is 1-20 nucleobases away
from a PAM sequence in the target polynucleotide sequence. In some embodiments, the
target nucleobase is 2-12 nucleobases upstream of the PAM sequence. In some embodiments,
the flexible loop comprises an amino acid in proximity to the target nucleobase when the

deaminase of the fusion protein deaminates the target nucleobase.
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In some embodiments, the flexible loop comprises a region selected from the group
consisting of amino acid residues at positions 530-537, 569-579, 686-691, 768-793, 943-947,
1002-1040, 1052-1077, 1232-1248, and 1298-1300 as numbered in SEQ ID NO: 1, or a
corresponding region thereof.

In some embodiments, the deaminase 1s inserted between amino acid positions 768-
769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-1030, 1040-1041, 1052-
1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249 as numbered in SEQ ID
NO: 1 or corresponding amino acid positions thereof. In some embodiments, the deaminase is
inserted between amino acid positions 768-769, 792-793, 1022-1023, 1026-1027, 1040-1041,
1068-1069, or 1247-1248 as numbered in SEQ ID NO: 1 or corresponding amino acid
positions thereof. In some embodiments, the deaminase is inserted between amino acid
positions 1016-1017, 1023-1024, 1029-1030, 1040-1041, 1069-1070 or1247-1248 as
numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof.

In some embodiments, the N-terminal fragment comprises amino acid residues 1-529,
538-568, 580-685, 692-942, 948-1001, 1026-1051, 1078-1231, and/or 1248-1297 of the Cas9
polypeptide as numbered in SEQ ID NO: 1, or corresponding residues thereof. In some
embodiments, the C-terminal fragment comprises amino acid residues 1301-1368, 1248-
1297, 1078-1231, 1026-1051, 948-1001, 692-942, 580-685, and/or 538-568 of the Cas9
polypeptide as numbered SEQ ID NO: 1, or corresponding residues thereof. In some
embodiments, the N terminal fragment or the C terminal fragment of the Cas9 polypeptide
binds the target polynucleotide sequence. In some embodiments, the N-terminal fragment or
the C-terminal fragment comprises a RuvC domain. In some embodiments, the N-terminal
fragment or the C-terminal fragment comprises a HNH domain.

In some embodiments, neither of the N-terminal fragment and the C-terminal
fragment comprises a HNH domain. In some embodiments, neither of the N-terminal
fragment and the C-terminal fragment comprises a RuvC domain. In some embodiments, the
Cas9 polypeptide comprises a partial or complete deletion in one or more structural domains.
In some embodiments, the deaminase is inserted at the partial or complete deletion position
of the Cas9 polypeptide. In some embodiments, the deletion is within a RuvC domain. In
some embodiments, the deletion is within an HNH domain. In some embodiments, the
deletion bridges a RuvC domain and a C-terminal domain, a L-I domain and a HNH domain,
or a RuvC domain and a L-1 domain. In some embodiments, the Cas9 polypeptide comprises
a deletion of amino acids 1017-1069 as numbered in SEQ ID NO: 1 or corresponding amino

acids thereof.
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In some embodiments, the Cas9 polypeptide comprises a deletion of amino acids 792-
872 as numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some
embodiments, the Cas9 polypeptide comprises a deletion of amino acids 792-906 as
numbered in SEQ ID NO: 1 or corresponding amino acids thereof. In some embodiments, the
deaminase is a cytidine deaminase. In some embodiments, the decaminase is an adenosine
deaminase. In some embodiments, the Cas9 polypeptide is a modified Cas9 and has
specificity for an altered PAM. In some embodiments, the Cas9 polypeptide is a nickase. In
some embodiments, the Cas9 polypeptide is nuclease inactive. In some embodiments, the
subject is a mammal. In some embodiments, the subject is a human.

Provided herein is a protein library for optimized base editing comprising a plurality
of fusion proteins, wherein each one of the plurality of fusion proteins comprises a deaminase
flanked by a N- terminal fragment and a C-terminal fragment of a Cas9 polypeptide, wherein
the N-terminal fragment of each one of the fusion proteins differs from the N-terminal
fragments of the rest of the plurality of fusion proteins or wherein the C-terminal fragment of
each one of the fusion proteins differs from the C-terminal fragments of the rest of the
plurality of fusion proteins, wherein the deaminase of each one of the fusion proteins
deaminates a target nucleobase in proximity to a Protospacer Adjacent Motit (PAM)
sequence in a target polynucleotide sequence, and wherein the N terminal fragment or the C
terminal fragment binds the target polynucleotide sequence.

In some embodiments, for each nucleobase from 1 to 20 nucleobases away of the
PAM sequence, at least one of the plurality of fusion proteins deaminates the nucleobase. In
some embodiments, the C-terminus of the N terminal fragment or the N-terminus of the C
terminal fragment of the Cas9 polypeptide of each one of the plurality of fusion proteins
comprises a part of a flexible loop of the Cas9 polypeptide. In some embodiments, at least
one of the plurality of fusion proteins deaminates the target nucleobase with lower off-target
deamination as compared to an end terminus fusion protein comprising the deaminase fused
to a N terminus or a C terminus of SEQ ID NO: 1. In some embodiments, at least one of the
plurality of the fusion proteins deaminates a target nucleobase 2-12 nucleobases upstream of
the PAM sequence. In some embodiments, the C-terminus of the N terminal fragment or the
N-terminus of the C terminal fragment of a fusion protein of the plurality comprises an amino
acid in proximity to the target nucleobase when the fusion protein deaminates the target
nucleobase.

In some embodiments, the deaminase of at least one of the fusion proteins is between

amino acid positions 768-769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-
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1030, 1040-1041, 1052-1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249
as numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof. In some
embodiments, the deaminase of at least one of the fusion proteins is between amino acid
positions 768-769, 792-793, 1022-1023, 1026-1027, 1040-1041, 1068-1069, or 1247-1248 as
numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof. In some
embodiments, the deaminase of at least one of the fusion proteins is between amino acid
positions 1016-1017, 1023-1024, 1029-1030, 1040-1041, 1069-1070 or1247-1248 as
numbered in SEQ ID NO: 1 or corresponding amino acid positions thereof. In some
embodiments, the deaminase is an adenosine deaminase. In some embodiments, the
deaminase is a cytidine deaminase.

In some embodiments, the Cas9 polypeptide is a Streptococcus pyogenes Cas9
(SpCas9), Staphylococcus aureus Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9
(St1Cas9), or variants thereof. In some embodiments, the Cas9 polypeptide is a modified
Cas9 and has specificity for an altered protospacer-adjacent motif (PAM). In some
embodiments, the Cas9 polypeptide is a nickase. In some embodiments, the Cas9 polypeptide

is nuclease inactive.

Definitions

Unless defined otherwise, all technical and scientific terms used herein have the
meaning commonly understood by a person skilled in the art to which this invention belongs.
The following references provide one of skill with a general definition of many of the terms
used in this invention: Singleton et al., Dictionary of Microbiology and Molecular Biology
(2nd ed. 1994); The Cambridge Dictionary of Science and Technology (Walker ed., 1988);
The Glossary of Genetics, 5th Ed., R. Rieger et al. (eds.), Springer Verlag (1991); and Hale &
Marham, The Harper Collins Dictionary of Biology (1991). As used herein, the following
terms have the meanings ascribed to them below, unless specified otherwise.

Unless defined otherwise, all technical and scientific terms used herein have the
meaning commonly understood by a person skilled in the art to which this invention belongs.
The following references provide one of skill with a general definition of many of the terms
used in this invention: Singleton et al., Dictionary of Microbiology and Molecular Biology
(2nd ed. 1994); The Cambridge Dictionary of Science and Technology (Walker ed., 1988);
The Glossary of Genetics, 5Sth Ed., R. Rieger et al. (eds.), Springer Verlag (1991); and Hale &
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Marham, The Harper Collins Dictionary of Biology (1991). As used herein, the following
terms have the meanings ascribed to them below, unless specified otherwise.

By “adenosine deaminase” is meant a polypeptide or fragment thereof capable of
catalyzing the hydrolytic deamination of adenine or adenosine. In some embodiments, the
deaminase or deaminase domain is an adenosine deaminase catalyzing the hydrolytic
deamination of adenosine to inosine or deoxy adenosine to deoxyinosine. In some
embodiments, the adenosine deaminase catalyzes the hydrolytic deamination of adenine or
adenosine in deoxyribonucleic acid (DNA). The adenosine deaminases (e.g. engineered
adenosine deaminases, evolved adenosine deaminases) provided herein may be from any
organism, such as a bacterium. In some embodiments, the deaminase or deaminase domain is
a variant of a naturally-occurring deaminase from an organism. In some embodiments, the
deaminase or deaminase domain does not occur in nature. For example, in some
embodiments, the deaminase or deaminase domain is at least 50%, at least 55%, at least 60%o,
at least 65%, at least 70%, at least 75% at least 80%, at least 85%, at least 90%, at least 95%,
at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to a
naturally-occurring deaminase. In some embodiments, the adenosine deaminase is from a
bacterium, such as, F. coli, S. aureus, S. typhi, S. putrefaciens, H. influenzae, or C.
crescentus. In some embodiments, the adenosine deaminase is a TadA deaminase. In some
embodiments, the TadA deaminase is an £. coli TadA (ecTadA) deaminase or a fragment
thereof.

For example, the truncated ecTadA may be missing one or more N-terminal amino
acids relative to a full-length ecTadA. In some embodiments, the truncated ecTadA may be
missing 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 N-terminal amino
acid residues relative to the full length ecTadA. In some embodiments, the truncated ecTadA
may be missing 1, 2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 C-terminal
amino acid residues relative to the full length ecTadA. In some embodiments, the ecTadA
deaminase does not comprise an N-terminal methionine. In some embodiments, the TadA
deaminase is an N-terminal truncated TadA. In particular embodiments, the TadA is any one
of the TadA described in PCT/US2017/045381, which is incorporated herein by reference in
its entirety.

In certain embodiments, the adenosine deaminase comprises the amino acid sequence:
MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPT
AHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKT
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GAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD,
which is termed “the Tad A reference sequence”.

In some embodiments the TadA deaminase is a full-length F. coli TadA deaminase.
For example, in certain embodiments, the adenosine deaminase comprises the amino acid
sequence:
MRRAFITGVFFLSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEG
WNRPIGRHDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIG
RVVFGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEI
KAQKKAQSSTD.

It should be appreciated, however, that additional adenosine deaminases useful in the
present application would be apparent to the skilled artisan and are within the scope of this
disclosure. For example, the adenosine deaminase may be a homolog of adenosine deaminase

acting on tRNA (AD AT). Exemplary AD AT homologs include, without limitation:

Staphylococcus aureus TadA:
MGSHMTNDIYFMTLAIEEAKKAAQLGEVPIGAIITKDDEVIARAHNLRETLQQPTAH
AEHIAIERAAKVLGSWRLEGCTLY VILEPCYVMCAGTIVMSRIPRVVYGADDPKGGCS
GS LMNLLQQS NFNHRAIVDKG VLKE AC S TLLTTFFKNLRANKKS TN

Bacillus subtilis TadA:
MTQDELYMKEAIKEAKKAEEKGEVPIGAVLVINGEITARAHNLRETEQRSIAHAEML
VIDEACKALGTWRLEGATLYVTLEPCPMCAGAVVLSRVEKVVFGAFDPKGGC S
GTLMN LLQEERFNHQAEVVSGVLEEECGGMLSAFFRELRKKKKAARKNLSE

Salmonella typhimurium (S. typhimurium) TadA:
MPPAFITGVTSLSDVELDHEYWMRHALTLAKRAWDEREVPVGAVLVHNHRVIGEG
WNRPIGRHDPTAHAEIMALRQGGLVLQNYRLLDTTLYVTLEPCVMCAGAMVHSRIG
RVVFGARDAKTGAAGSLIDVLHHPGMNHR VEIIEGVLRDECATLLSDFFRMRRQEIK
ALKKADRAEGAGPAV

Shewanella putrefaciens (S. putrefaciens) TadA:
MDE YWMQVAMOQM AEKAEAAGE VPVGA VLVKDGQQIATGYNLS IS QHDPT
AHAEI
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LCLRSAGKKLENYRLLDATLYITLEPCAMCAGAMVHSRIARVVYGARDEKTGAAGT
VVNLLQHPAFNHQVEVTSGVLAEACSAQLSRFFKRRRDEKKALKLAQRAQQGIE

Haemophilus influenzae F3031 (H. influenzae) TadA:
MDAAKVRSEFDEKMMRYALELADKAEALGEIPVGAVLVDDARNIIGEGWNLSIVQS
DPT AH AEITALRNG AKNIQN YRLLNS TLY VTLEPCTMC AG AILHS RIKRLVFG
ASD YK
TGAIGSRFHFFDDYKMNHTLEITSGVLAEECSQKLSTFFQKRREEKKIEKALLKSLSD
K

Caulobacter crescentus (C. crescentus) TadA:
MRTDESEDQDHRMMRLALDAARAAAEAGETPVGAVILDPSTGEVIATAGNGPIAAH
DPTAHAEIAAMRAAAAKLGNYRLTDLTLVVTLEPCAMCAGAISHARIGRVVFGADD
PKGGAVVHGPKFFAQPTCHWRPEVTGGVLADESADLLRGFFRARRKAKI

Geobacter sulfurreducens (G. sulfurreducens) TadA:
MSSLKKTPIRDDAYWMGKAIREAAKAAARDEVPIGAVIVRDGAVIGRGHNLREGSN
DPSAHAEMIAIRQAARRSANWRLTGATLY VTLEPCLMCMGAIILARLERVVFGCYDP
KGGAAGSLYDLSADPRLNHQVRLSPGVCQEECGTMLSDFFRDLRRRKKAKATPALF
IDERKVPPEP

TadA7.10
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPT
AHAEIMALRQGGLVMQNYRLIDATLYVTFEPCYVMCAGAMIHSRIGRVVFGVRNAKT
GAAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

Exemplary sequences containing TadA7.10 or TadA7.10 variants include
GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLY
VTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVE
ITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

TadA7.10 CP65
TAHAEIMALRQGGLVMQNYRLIDATLY VTFEPCVMCAGAMIHSRIGRVVF
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GVRNAKTGAAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQ
VENAQKKAQSSTDGSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTL
AKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

TadA7.10 CP83
YRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH
YPGMNHR VEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDGSSGS
ETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVL
NNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQN

TadA7.10 CP136
MNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDGSSGSETP
GTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNR
VIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLYVTFEPCVM
CAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPG

TadA7.10 C-truncate
GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLY
VTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVE
ITEGILADECAALLCYFFRMPRQVFN

TadA7.10 C-truncate 2
GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLY
VTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVE
ITEGILADECAALLCYFFRMPRQ

TadA7.10 delta59-66+C-truncate
GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAHAEIMALRQGGLVMQNYRLIDATLYVTFEPCVM
CAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVEITEGILAD
ECAALLCYFFRMPRQVFEN
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TadA7.10 delta 59-66
GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAHAEIMALRQGGLVMQNYRLIDATLYVTFEPCVM
CAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVEITEGILAD
ECAALLCYFFRMPRQVFNAQKKAQSSTD

By “agent” is meant any small molecule chemical compound, antibody, nucleic acid
molecule, or polypeptide, or fragments thereof.

By “alter a mutation”

By “alteration” is meant a change in the structure, expression levels or activity of a
gene or polypeptide as detected by standard art known methods such as those described
herein. As used herein, an alteration (e.g., increase or decrease) includes a 10% change in
expression levels, a 25% change, a 40% change, and a 50% or greater change in expression
levels.

By “analog” is meant a molecule that is not identical, but has analogous functional or
structural features. For example, a polynucleotide analog retains the biological activity of a
corresponding naturally-occurring polynucleotide while having certain modifications that
enhance the analog’s function relative to a naturally occurring polynucleotide. Such
modifications could increase the polynucleotide’s affinity for DNA, half-life, and/or nuclease

resistance. An analog may include an unnatural nucleotide or amino acid.

PEIN<3 PEIN43

In this disclosure, “comprises,” “comprising,” “containing” and “having” and the like
can have the meaning ascribed to them in U.S. Patent law and can mean “ includes,”
“including,” and the like; “consisting essentially of” or “consists essentially” likewise has the
meaning ascribed in U.S. Patent law and the term is open-ended, allowing for the presence of
more than that which is recited so long as basic or novel characteristics of that which is
recited is not changed by the presence of more than that which is recited, but excludes prior
art embodiments.

By "base editor (BE)," or "nucleobase editor (NBE)" is meant an agent that binds a
polynucleotide and has nucleobase modifying activity. In one embodiment, the agent is a
fusion protein comprising a domain having base editing activity, i.e., a domain capable of
modifying a base (e.g., A, T, C, G, or U) within a nucleic acid molecule (e.g., DNA). In
some embodiments, the domain having base editing activity is capable of deaminating a base
within a nucleic acid molecule. In some embodiments, the base editor is capable of
deaminating a base within a DNA molecule. In some embodiments, the base editor is capable

of deaminating a cytosine (C) or an adenosine within DNA. In some embodiments, the base
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editor is a cytidine base editor (CBE). In some embodiments, the base editor is an adenosine
base editor (ABE). In some embodiments, the base editor is an adenosine base editor (ABE)
and a cytidine base editor (CBE). In some embodiments, the base editor is a nuclease-inactive
Cas9 (dCas9) fused to an adenosine deaminase. In some embodiments, the Cas9 is a circular
permutant Cas9 (e.g., spCas9 or saCas9). Circular permutant Cas9s are known in the art and
described, for example, in Oakes et al ., Cell 176, 254-267, 2019. In some embodiments, the
base editor is fused to an inhibitor of base excision repair, for example, a UGI domain. In
some embodiments, the fusion protein comprises a Cas9 nickase fused to a deaminase and an
inhibitor of base excision repair, such as a UGI domain. In other embodiments the base editor
is an abasic base editor.

In some embodiments, an adenosine deaminase is evolved from TadA. In some
embodiments, the polynucleotide programmable DNA binding domain is a CRISPR
associated (e.g., Cas or Cpfl) enzyme. In some embodiments, the base editor is a
catalytically dead Cas9 (dCas9) fused to a deaminase domain. In some embodiments, the
base editor is a Cas9 nickase (nCas9) fused to a deaminase domain. In some embodiments,
the deaminase domain is a N-terminal or C-terminal fragment of the polynucletide
programmable DNA binding domain. In some embodiments, the deaminase is flanked by an
N-terminal and C-terminal fragment of a polynucleotide programmable DNA binding
domain. In some embodiments, the deaminase domain is inserted into a site of the
polynucleotide programmable DNA binding domain. In some embodiments, the base editor is
fused to an inhibitor of base excision repair (BER). In some embodiments, the inhibitor of
base excision repair is a uracil DNA glycosylase inhibitor (UGI). In some embodiments, the
inhibitor of base excision repair is an inosine base excision repair inhibitor. Details of base
editors are described in International PCT Application Nos. PCT/2017/045381
(W02018/027078) and PCT/US2016/058344 (W02017/070632), each of which is
incorporated herein by reference for its entirety. Also see Komor, A.C,, efal.,
“Programmable editing of a target base in genomic DNA without double-stranded DNA
cleavage” Nature 533, 420-424 (2016); Gaudelli, N.M., ez al., “Programmable base editing of
AT to G+C in genomic DNA without DNA cleavage” Nature 551, 464-471 (2017); Komor,
A.C., et al., “Improved base excision repair inhibition and bacteriophage Mu Gam protein
yields C:G-to-T:A base editors with higher efficiency and product purity” Science Advances
3:eaa04774 (2017), and Rees, H. A, ef al., “Base editing: precision chemistry on the genome
and transcriptome of living cells.” Nat Rev Genet. 2018 Dec;19(12):770-788. doi:
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10.1038/s41576-018-0059-1, the entire contents of which are hereby incorporated by
reference.

In some embodiments, the deaminase domain is inserted into regions of the
polynucleotide programmable DNA binding domain. In some embodiments, the insertion site
is determined by structural analysis of an napDNAbp. In some embodiments, the insertion
site is a flexible loop. In some embodiments, the deaminase domain is inserted into a site in
the polynucleotide programmable DNA binding domain, wherein the site is selected from at
least one from a group of amino acid positions consisting of 1029, 1026, 1054, 1022, 1015,
1068, 1247, 1040, 1248, and 768. In some embodiments, the deaminase domain is inserted in
place of a domain of polynucleotide programmable DNA binding domain. In some
embodiments, the domain is selected from the group consisting of RuvC, Recl, Rec2, and
HNH. In some embodiments, the deaminase domain in inserted in place of a range of amino
acid residues in the polynucleotide programmable DNA binding domain, wherein in the
range of amino acid residues are selected from a group consisting of resdidues 530-537, 569-
579, 686-691, 768-793, 943-947, 1002-1040, 1052-1077, 1232-1248, and 1298-1300 of Cas9
as numbered in SEQ ID NO:1 or corresponding positions thereof. It would be apparent to the
skilled artisan how to identify homologous regions in a different polynucleotide
programmable DNA binding domain by comparing the Cas9 amino acid sequence. In some
embodiments, the base editor comprises more than one deaminase domain inserted into more
than one site of a polynucleotide programmable DNA binding domain, wherein the sites are
described above.

In some embodiments, base editors are generated by cloning an adenosine deaminase
variant (e.g., TadA*7.10) into a scaffold that includes a circular permutant Cas9 (e.g.,
spCAS9) and a bipartite nuclear localization sequence. Circular permutant Cas9s are known
in the art and described, for example, in Oakes et al., Cell 176, 254-267, 2019. Exemplary
circular permutant sequences are set forth below, in which the bold sequence indicates
sequence derived from Cas9, the italics sequence denotes a linker sequence, and the
underlined sequence denotes a bipartite nuclear localization sequence.

CPS (with MSP “NGC=Pam Variant with mutations Regular Cas9 likes NGG” PID=Protein
Interacting Domain and “D10A” nickase):

EIGKATAKYFFYSNIMNEFKTE I TLANGE IRKRPLIE TNGE TGE IVWDKGRDFATVRKVLSM
POVNIVKKTEVQTGGEFSKE STLPKRNSDKLIARKKDWDPKKYGGFMQPTVAYSVILVVAKVEK
GKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRM
LASAKFLOKGNE LALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYILDEITEQISE
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FSKRVILADANILDKVLSAYNKHRDKPIREQAENI THLFTLTNLGAPRAFKYFDTTIARKEYR
STKEVLDATLIHQSITGLYETRIDLSQLGGD GGSGGSGGSGGSGGSGGSGGMDKKYSIGLAT
GTNSVGWAVITDEYKVPSKKFKVLGNTDRHSTKKNLIGALLFDSGE TAEATRLKRTARRRY T
RRKNRICYLQE IFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTI
YHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTYNQLFE
ENPINASGVDAKAILSARLSKSRRLENLIAQI.PGEKKNGLEFGNLIALSLGLTPNFKSNFDLA
EDAKLQOLSKDTYDDDLDNLLAQTIGDQYADLFTAAKNIL.SDAILLSDILRVNTE I TKAPLSASM
IKRYDEHHQDI. TLLKALVRQQL.PEKYKE I FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKM
DGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILT
FRIPYYVGPLARGNSRFAWMTRKSEE TI TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKV
LPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYF
KKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREM
IEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRNF
MQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANTAGSPAIKKGILQTVKVVDE LVKVMGRHK
PENIVIEMARENQTTQOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYTL.Q
NGRDMYVDQEILDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKM
KNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVE TRQI TKHVAQITLDSRMNT
KYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAY LNAVVGTALIKKYPK
LESEFVYGDYKVYDVRKMIAKSEQEGADKRTADGSEFESPKKKRKV™>

The nucleobase components and the polynucleotide programmable nucleotide binding
component of a base editor system may be associated with each other covalently or non-
covalently. For example, in some embodiments, the deaminase domain can be targeted to a
target nucleotide sequence by a polynucleotide programmable nucleotide binding domain. In
some embodiments, a polynucleotide programmable nucleotide binding domain can be fused
or linked to a deaminase domain. In some embodiments, a polynucleotide programmable
nucleotide binding domain can target a deaminase domain to a target nucleotide sequence by
non-covalently interacting with or associating with the deaminase domain. For example, in
some embodiments, the nucleobase editing component, e.g., the deaminase component can
comprise an additional heterologous portion or domain that is capable of interacting with,
associating with, or capable of forming a complex with an additional heterologous portion or
domain that is part of a polynucleotide programmable nucleotide binding domain. In some
embodiments, the additional heterologous portion may be capable of binding to, interacting
with, associating with, or forming a complex with a polypeptide. In some embodiments, the

additional heterologous portion may be capable of binding to, interacting with, associating
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with, or forming a complex with a polynucleotide. In some embodiments, the additional
heterologous portion may be capable of binding to a guide polynucleotide. In some
embodiments, the additional heterologous portion may be capable of binding to a polypeptide
linker. In some embodiments, the additional heterologous portion may be capable of binding
to a polynucleotide linker. The additional heterologous portion may be a protein domain. In
some embodiments, the additional heterologous portion may be a K Homology (KH) domain,
a MS2 coat protein domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a
steril alpha motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding
motif and Sm7 protein, or a RNA recognition motif’.

A base editor system may further comprise a guide polynucleotide component. It
should be appreciated that components of the base editor system may be associated with each
other via covalent bonds, noncovalent interactions, or any combination of associations and
interactions thereof. In some embodiments, a deaminase domain can be targeted to a target
nucleotide sequence by a guide polynucleotide. For example, in some embodiments, the
nucleobase editing component of the base editor system, e.g., the deaminase component, can
comprise an additional heterologous portion or domain (e.g., polynucleotide binding domain
such as an RNA or DNA binding protein) that is capable of interacting with, associating with,
or capable of forming a complex with a portion or segment (e.g., a polynucleotide motif) of a
guide polynucleotide. In some embodiments, the additional heterologous portion or domain
(e.g., polynucleotide binding domain such as an RNA or DNA binding protein) can be fused
or linked to the deaminase domain. In some embodiments, the additional heterologous
portion may be capable of binding to, interacting with, associating with, or forming a
complex with a polypeptide. In some embodiments, the additional heterologous portion may
be capable of binding to, interacting with, associating with, or forming a complex with a
polynucleotide. In some embodiments, the additional heterologous portion may be capable of
binding to a guide polynucleotide. In some embodiments, the additional heterologous portion
may be capable of binding to a polypeptide linker. In some embodiments, the additional
heterologous portion may be capable of binding to a polynucleotide linker. The additional
heterologous portion may be a protein domain. In some embodiments, the additional
heterologous portion may be a K Homology (KH) domain, a MS2 coat protein domain, a PP7
coat protein domain, a SfMu Com coat protein domain, a sterile alpha motif, a telomerase Ku
binding motif and Ku protein, a telomerase Sm7 binding motif and Sm7 protein, or a RNA

recognition motif.
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In some embodiments, a base editor system can further comprise an inhibitor of base
excision repair (BER) component. It should be appreciated that components of the base
editor system may be associated with each other via covalent bonds, noncovalent interactions,
or any combination of associations and interactions thereof. The inhibitor of BER component
may comprise a base excision repair inhibitor. In some embodiments, the inhibitor of base
excision repair can be a uracil DNA glycosylase inhibitor (UGI). In some embodiments, the
inhibitor of base excision repair can be an inosine base excision repair inhibitor. In some
embodiments, the inhibitor of base excision repair can be targeted to the target nucleotide
sequence by the polynucleotide programmable nucleotide binding domain. In some
embodiments, a polynucleotide programmable nucleotide binding domain can be fused or
linked to an inhibitor of base excision repair. In some embodiments, a polynucleotide
programmable nucleotide binding domain can be fused or linked to a deaminase domain and
an inhibitor of base excision repair. In some embodiments, a polynucleotide programmable
nucleotide binding domain can target an inhibitor of base excision repair to a target
nucleotide sequence by non-covalently interacting with or associating with the inhibitor of
base excision repair. For example, in some embodiments, the inhibitor of base excision
repair component can comprise an additional heterologous portion or domain that is capable
of interacting with, associating with, or capable of forming a complex with an additional
heterologous portion or domain that is part of a polynucleotide programmable nucleotide
binding domain. In some embodiments, the inhibitor of base excision repair can be targeted
to the target nucleotide sequence by the guide polynucleotide. For example, in some
embodiments, the inhibitor of base excision repair can comprise an additional heterologous
portion or domain (e.g., polynucleotide binding domain such as an RNA or DNA binding
protein) that is capable of interacting with, associating with, or capable of forming a complex
with a portion or segment (e.g., a polynucleotide motif) of a guide polynucleotide. In some
embodiments, the additional heterologous portion or domain of the guide polynucleotide
(e.g., polynucleotide binding domain such as an RNA or DNA binding protein) can be fused
or linked to the inhibitor of base excision repair. In some embodiments, the additional
heterologous portion may be capable of binding to, interacting with, associating with, or
forming a complex with a polynucleotide. In some embodiments, the additional heterologous
portion may be capable of binding to a guide polynucleotide. In some embodiments, the
additional heterologous portion may be capable of binding to a polypeptide linker. In some
embodiments, the additional heterologous portion may be capable of binding to a

polynucleotide linker. The additional heterologous portion may be a protein domain. In some
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embodiments, the additional heterologous portion may be a K Homology (KH) domain, a
MS2 coat protein domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a
sterile alpha motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding
motif and Sm7 protein, or a RNA recognition motif.

By “base editing activity” is meant acting to chemically alter a base within a
polynucleotide. In one embodiment, a first base is converted to a second base. In one
embodiment, the base editing activity is cytidine deaminase activity, e.g., converting target
C<Gto T+A. In another embodiment, the base editing activity is adenosine deaminase
activity, e.g., converting A*T to G*C.

The term “Cas9” or “Cas9 domain” refers to an RNA-guided nuclease comprising a
Cas9 protein, or a fragment thereof (e.g., a protein comprising an active, inactive, or partially
active DNA cleavage domain of Cas9, and/or the gRNA binding domain of Cas9). A Cas9
nuclease is also referred to sometimes as a casnl nuclease or a CRISPR (clustered regularly
interspaced short palindromic repeat)-associated nuclease. CRISPR is an adaptive immune
system that provides protection against mobile genetic elements (viruses, transposable
elements and conjugative plasmids). CRISPR clusters contain spacers, sequences
complementary to antecedent mobile elements, and target invading nucleic acids. CRISPR
clusters are transcribed and processed into CRISPR RNA (crRNA). In type I CRISPR
systems correct processing of pre-crRNA requires a trans-encoded small RNA (tractrRNA),
endogenous ribonuclease 3 (rnc) and a Cas9 protein. The tracrRNA serves as a guide for
ribonuclease 3-aided processing of pre-crRNA. Subsequently, Cas9/crRNA/tracrRNA
endonucleolytically cleaves linear or circular dSDNA target complementary to the spacer.
The target strand not complementary to crRNA is first cut endonucleolytically, then trimmed
3’-5" exonucleolytically. In nature, DNA-binding and cleavage typically requires protein and
both RNAs. However, single guide RNAs (“sgRNA”, or simply “gNRA”) can be engineered
S0 as to incorporate aspects of both the crRNA and tracrRNA into a single RNA species.

See, e.g., Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J. A, Charpentier E. Science
337:816-821(2012), the entire contents of which is hereby incorporated by reference. Cas9
recognizes a short motif in the CRISPR repeat sequences (the PAM or protospacer adjacent
motif) to help distinguish self versus non-self. Cas9 nuclease sequences and structures are
well known to those of skill in the art (see, e.g., “Complete genome sequence of an M1 strain
of Streptococcus pyogenes.” Ferretti ef al., J.J., McShan W .M., Ajdic D.J., Savic D.J., Savic
G., Lyon K., Primeaux C., Sezate S., Suvorov AN, Kenton S., Lai H.S,, Lin SP, Qian Y.,
JiaH.G, Najar F.Z., Ren Q., Zhu H., Song L., White J., Yuan X, Clifton SW., Roe B.A,
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McLaughlin R E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-4663(2001); “CRISPR RNA
maturation by trans-encoded small RNA and host factor RNase II1.” Deltcheva E., Chylinski
K., Sharma C M, Gonzales K., Chao Y, Pirzada Z. A , Eckert M.R., Vogel J., Charpentier E .,
Nature 471:602-607(2011); and “A programmable dual-RNA-guided DNA endonuclease in
adaptive bacterial immunity.” Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J A ,
Charpentier E. Science 337:816-821(2012), the entire contents of each of which are
incorporated herein by reference). Cas9 orthologs have been described in various species,
including, but not limited to, S. pyogenes and S. thermophilus. Additional suitable Cas9
nucleases and sequences will be apparent to those of skill in the art based on this disclosure,
and such Cas9 nucleases and sequences include Cas9 sequences from the organisms and loci
disclosed in Chylinski, Rhun, and Charpentier, “The tractrRNA and Cas9 families of type II
CRISPR-Cas immunity systems” (2013) RNA Biology 10:5, 726-737; the entire contents of
which are incorporated herein by reference.

A nuclease-inactivated Cas9 protein may interchangeably be referred to as a “dCas9”
protein (for nuclease-“dead” Cas9) or catalytically inactive Cas9. Methods for generating a
Cas9 protein (or a fragment thereof) having an inactive DNA cleavage domain are known
(See, e.g., Jinek et al., Science. 337:816-821(2012); Q1 et al., “Repurposing CRISPR as an
RNA-Guided Platform for Sequence-Specific Control of Gene Expression” (2013) Cell.
28;152(5):1173-83, the entire contents of each of which are incorporated herein by
reference). For example, the DNA cleavage domain of Cas9 is known to include two
subdomains, the HNH nuclease subdomain and the RuvC1 subdomain. The HNH subdomain
cleaves the strand complementary to the gRNA, whereas the RuvC1 subdomain cleaves the
non-complementary strand. Mutations within these subdomains can silence the nuclease
activity of Cas9. For example, the mutations D10A and H840A completely inactivate the
nuclease activity of S. pyogenes Cas9 (Jinek et al., Science. 337:816-821(2012); Qi et al.,
Cell. 28;152(5):1173-83 (2013)). In some embodiments, a Cas9 nuclease has an inactive
(e.g., an inactivated) DNA cleavage domain, that is, the Cas9 is a nickase, referred to as an
“nCas9” protein (for “nickase” Cas9). In some embodiments, proteins comprising fragments
of Cas9 are provided. For example, in some embodiments, a protein comprises one of two
Cas9 domains: (1) the gRNA binding domain of Cas9; or (2) the DNA cleavage domain of
Cas9. In some embodiments, proteins comprising Cas9 or fragments thereof are referred to
as “Cas9 variants.” A Cas9 variant shares homology to Cas9, or a fragment thereof. For
example, a Cas9 variant is at least about 70% identical, at least about 80% identical, at least

about 90% identical, at least about 95% identical, at least about 96% identical, at least about
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97% identical, at least about 98% identical, at least about 99% identical, at least about 99.5%
identical, or at least about 99.9% identical to wild type Cas9. In some embodiments, the
Cas9 variant may have 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22,21, 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 amino acid changes compared to wild type Cas9. In some
embodiments, the Cas9 variant comprises a fragment of Cas9 (e.g., a gRNA binding domain
or a DNA-cleavage domain), such that the fragment is at least about 70% identical, at least
about 80% identical, at least about 90% identical, at least about 95% identical, at least about
96% identical, at least about 97% identical, at least about 98% identical, at least about 99%
identical, at least about 99.5% identical, or at least about 99.9% identical to the corresponding
fragment of wild type Cas9. In some embodiments, the fragment is 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% identical, at least
96%, at least 97%, at least 98%o, at least 99%, or at least 99.5% of the amino acid length of a
corresponding wild type Cas9.

In some embodiments, the fragment is at least 100 amino acids in length. In some
embodiments, the fragment is at least 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600,
650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or at least 1300
amino acids in length. In some embodiments, wild type Cas9 corresponds to Cas9 from
Streptococcus pyogenes (NCBI Reference Sequence: NC _017053.1, nucleotide and amino

acid sequences as follows).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACARATAGCGTCGGATGGGCGGTGAT
CACTGATGATTATAAGGTTCCGTCTAAARAGTTCAAGGTTCTGGGAAATACAGACCGCCACA
GTATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGGCAGT GGAGAGACAGCGGAAGCGACT
CGTCTCAAACGGACAGCTCGTAGAAGGTATACACGTCGGAAGAATCGTATTTGTTATCTACA
GGAGATTTTTTCARATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGT
CTTTTTTGGTGGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGAT
GAAGTTGCTTATCATGAGAAATATCCAACTATCTATCATCTGCGAAARARATTGGCAGATTC
TACTGATAAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTG
GTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAAACTATTTATC
CAGTTGGTACAAATCTACAATCAATTATTTGAAGARAACCCTATTAACGCAAGTAGAGTAGA
TGCTARAGCGATTCTTTCTGCACGATTGAGTAAATCAAGACGATTAGAARATCTCATTGCTC
AGCTCCCCGGTGAGAAGAGAAATGGCTTGTTTGGGAATCTCATTGCTTTGTCATTGGGATTG
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ACCCCTAATTTTAAATCAAATTTTGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAARNGA
TACTTACGATGATGATTTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGT
TTTTGGCAGCTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATAGT
GAAATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAGCGCTACGATGAACATCATCAAGA
CTTGACTCTTTTARAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATAAAGAAATCTTTT
TTGATCAATCAAARAACGGATATGCAGGTTATATTGATGGGGGAGCTAGCCAAGAAGAATTT
TATAAATTTATCAAACCAATTTTAGAAAARATGGATGGTACTGAGGAATTATTGGTGAAACT
ARAATCGTGAAGATTTGCTGCGCAAGCAACGGACCTTTGACAACGGCTCTATTCCCCATCAARA
TTCACTTGGGTGAGCTGCATGCTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTARARA
GACAATCGTGAGAAGATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATT
GGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGT CTGAAGAAACAATTACCCCAT
GGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGCATGACA
AACTTTGATAAAAATCTTCCAAATGAARAAGTACTACCARAACATAGTTTGCTTTATGAGTA
TTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTACTGAGGGAATGCGAAANACCAG
CATTTCTTTCAGGTGAACAGAAGAAAGCCATTGTTGATTTACTCTTCAARACAAATCGAAAA
GTAACCGTTAAGCAATTAAAAGAAGATTATTTCAARAARAATAGAATGTTTTGATAGTGTTGA
AATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAARAR
TTATTAAAGATAAAGATTTTTTGGATAATGAAGAAAATCGAAGATATCTTAGAGGATATTGTT
TTAACATTGACCTTATTTGAAGATAGGGGGATGATTGAGGAAAGACTTAAAACATATGCTCA
CCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGGTTGGGGACGTT
TGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGCAAAACAATATTAGATTTT
TTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGATAGTTTGAC
ATTTARAAGAAGATATTCAARAAGCACAGGTGTCTGGACAAGGCCATAGTTTACATGAACAGA
TTGCTAACTTAGCTGGCAGTCCTGCTATTAAARAAAGGTATTTTACAGACTGTAAAAATTGTT
GATGAACTGGTCAAAGTAATGGGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACGTGA
AAATCAGACAACTCAAAAGGGCCAGAAAAATTCGCGAGAGCGTATGARACGAATCGAAGAAG
GTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAAATACTCAATTGCAA
AATGARAAGCTCTATCTCTATTATCTACAAAATGGAAGAGACATGTATGTGGACCAAGAATT
AGATATTAATCGTTTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCATTAAAG
ACGATTCAATAGACAATAAGGTACTAACGCGTTCTGATAAAAATCGTGGTAAATCGGATAAC
GTTCCAAGTGAAGAAGTAGTCAAAAAGATGAAARACTATTGGAGACAACTTCTAAACGCCAA
GTTAATCACTCAACGTAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAAC
TTGATAAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCATGTG
GCACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATARACTTATTCGAGA
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GGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCGAARAGATTTCCAATTCT
ATAAAGTACGTGAGATTAACAATTACCATCATGCCCATGATGCGTATCTAAATGCCGTCGTT
GGAACTGCTTTGATTAAGAAATATCCAARACTTGAATCGGAGTTTGTCTATGGTGATTATAA
AGTTTATGATGTTCGTAAAATGATTGCTAAGTCTGAGCAAGAAATAGGCAAAGCAACCGCAA
AATATTTCTTTTACTCTAATATCATGAACTTCTTCAAAACAGAAATTACACTTGCAAATGGA
GAGATTCGCAAACGCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAA
AGGGCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTCAAGA
AAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCARARAGAAATTCGGAC
AAGCTTATTGCTCGTAARAAAAGACTGGGATCCAAAAARATATGGTGGTTTTGATAGTCCAAC
GGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAARAAGGGAAATCGAAGAAGTTAAAAT
CCGTTAAAGAGTTACTAGGGATCACAATTATGGAAAGAAGTTCCTTTGAAARARATCCGATT
GACTTTTTAGAAGCTAAAGGATATAAGGAAGTTAARARAGACTTAATCATTAAACTACCTAA
ATATAGTCTTTTTGAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAATTAC
AAANAGGARAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGTCAT
TATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGTGGAGCAGCA
TAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTAAGCGTGTTATTTTAG
CAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACARACATAGAGACAAACCAATACGT
GAACAAGCAGAARATATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGCTTT
TAAATATTTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGATG
CCACTCTTATCCATCAATCCATCACTGGTCTTTATGARAACACGCATTGATTTGAGTCAGCTA
GGAGGTGACTGA

MDKKYSIGLDIGTNSVGWAVITDDYKVPSKKFKVLGNTDRHSTIKKNLIGALLFGSGETAEAT

RLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSEFFHRLEESFLVEEDKKHERHPIEFGNIVD
EVAYHEKYPTIYHLRKKLADSTDKADLRLIYILALAHMIKFRGHFLIEGDLNPDNSDVDKLET
QLVQIYNQLFEENPINASRVDAKAILSARLSKSRRLENLIAQLPGEKRNGLEFGNLIALSLGL
TPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDATILLSDILRVNS
EITKAPLSASMIKRYDEHHOQDLTLLKALVRQOQLPEKYKEIFEFDOQSKNGYAGY IDGGASQEEF
YKFIKPILEKMDGTEELLVKLNREDLLRKOQRTFDNGSIPHQIHLGELHATITLRRQEDEYPEFLK
DNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNEFEEVVDKGASAQSFIERMT
NEFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK
VIVKQLKEDYEFKKIECEDSVEISGVEDREFNASLGAYHDLLKIIKDKDEFLDNEENEDILEDIV
LTLTLFEDRGMIEERLKTYAHLEDDKVMKOQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDE
LKSDGFANRNEMOLIHDDSLTFKEDIQKAQVSGOGHSLHEQIANTLAGSPATKKGILOTVKIV
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DELVKVMGHKPENTIVIEMARENQTTOQKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ

NEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSFIKDDS IDNKVLTRS DKNRGKSDN

VPSEEVVKEKMENYWROQLLNAKLITOQRKEFDNLTKAERGGLSELDKAGEFTIKRQLVETRQITKHV

AQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFOFYKVRE INNYHHAHDAYTNAVYV

GTALIKKYPKLESEEVYGDYKVYDVREKMIAKSEQETGKATAKYFEYSNIMNEFKTEITLANG

ETRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGFSKESILPKRNSD

KLIARKKDWDPKKYGGEDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSEFEKNP I
DFLEAKGYKEVKKDLIIKLPKYSLEFELENGRKRMLASAGELOQKGNELALPSKYVNEFLYLASH
YEKLKGSPEDNEQKQLEFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIR
EQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQL
GGD

(single underline: HNH domain; double underline: RuvC domain)

In some embodiments, wild type Cas9 corresponds to, or comprises the following

nucleotide and/or amino acid sequences:

ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCAT
AACCGATGAATACAAAGTACCTTCAAAGARAATTTAAGGTGTTGGGGAACACAGACCGTCATT
CGATTAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAGTGGCGAAACGGCAGAGGCGACT
CGCCTGAAACGAACCGCTCGGAGAAGGTATACACGTCGCAAGAACCGAATATGTTACTTACA
AGARATTTTTAGCAATGAGATGGCCAAAGTTGACGATTCTTTCTTTCACCGTTTGGAAGAGT
CCTTCCTTGTCGAAGAGGACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGAT
GAGGTGGCATATCATGARAAGTACCCAACGATTTATCACCTCAGAAARAAAGCTAGTTGACTC
AACTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTTCCGTG
GGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGATGTCGACAAACTGTTCATC
CAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCTATAAATGCAAGTGGCGTGGA
TGCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATCCCGACGGCTAGAARACCTGATCGCAC
ANTTACCCGGAGAGAAGAARAATGGGTTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTG
ACACCAAATTTTAAGTCGAACTTCGACTTAGCTGAAGATGCCARATTGCAGCTTAGTAAGGA
CACGTACGATGACGATCTCGACAATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTAT
TTTTGGCTGCCAARAACCTTAGCGATGCAATCCTCCTATCTGACATACTGAGAGTTAATACT
GAGATTACCAAGGCGCCGTTATCCGCTTCAATGATCAAAAGGTACGATGAACATCACCAAGA
CTTGACACTTCTCAAGGCCCTAGTCCGTCAGCAACTGCCTGAGAAATATAAGGAAATATTCT
TTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACGGCGGAGCGAGTCAAGAGGAATTC
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TACAAGTTTATCAARACCCATATTAGAGAAGATGGATGGGACGGAAGAGTTGCTTGTAAAACT
CAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCGACAACGGTAGCATTCCACATCAAA
TCCACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCTCAAA
GACAATCGTGAAARAGATTGAGAARATCCTAACCTTTCGCATACCTTACTATGTGGGACCCCT
GGCCCGAGGGAACTCTCGGTTCGCATGGATGACAAGARAGTCCGAAGAAACGATTACTCCAT
GGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTTCATCGAGAGGATGACC
AACTTTGACAAGAATTTACCGAACGAAAAAGTATTGCCTAAGCACAGTTTACTTTACGAGTA
TTTCACAGTGTACAATGAACTCACGAAAGTTAAGTATGTCACTGAGGGCATGCGTAAACCCG
CCTTTCTAAGCGGAGAACAGAAGAAAGCAATAGTAGATCTGTTATTCAAGACCAACCGCARAA
GTGACAGTTAAGCAATTGAAAGAGGACTACTTTAAGAAAATTGAATGCTTCGATTCTGTCGA
GATCTCCGGGGTAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTARAAGA
TAATTAAAGATAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATATAGTG
TTGACTCTTACCCTCTTTGAAGATCGGGARATGATTGAGGAAAGACTAARAACATACGCTCA
CCTGTTCGACGATAAGGTTATGAAACAGT TAAAGAGGCGTCGCTATACGGGCTGGGGACGAT
TGTCGCGGAAACTTATCAACGGGATAAGAGACAAGCAAAGTGGTAAAACTATTCTCGATTTT
CTAAAGAGCGACGGCTTCGCCAATAGGAACTTTATGCAGCTGATCCATGATGACTCTTTAAC
CTTCAAAGAGGATATACAAAAGGCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATA
TTGCGAATCTTGCTGGTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAGTG
GATGAGCTAGTTAAGGTCATGGGACGTCACAAACCGGAAAACATTGTAATCGAGATGGCACG
CGAAAATCARACGACTCAGAAGGGGCAAAAAAACAGTCGAGAGCGGATGAAGAGAATAGAAG
AGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGARAARTACCCAATTG
CAGAACGAGAAACTTTACCTCTATTACCTACAARATGGAAGGGACATGTATGTTGATCAGGA
ACTGGACATAAACCGTTTATCTGATTACGACGTCGATCACATTGTACCCCAATCCTTTTTGA
AGGACGATTCAATCGACAATARAGTGCTTACACGCTCGGATAAGAACCGAGGGARAAGTGAC
AATGTTCCAAGCGAGGAAGTCGTAAAGAAAATGAAGAACTATTGGCGGCAGCTCCTAAATGC
GAAACTGATAACGCAAAGAAAGTTCGATAACTTAACTARAGCTGAGAGGGGTGGCTTGTCTG
ARCTTGACAAGGCCGGATTTATTAAACGTCAGCTCGTGGAAACCCGCCAAATCACAAAGCAT
GTTGCACAGATACTAGATTCCCGAATGAATACGAAATACGACGAGAACGATAAGCTGATTCG
GGAAGTCAAAGTAATCACTTTAAAGTCAAAATTGGTGTCGGACTTCAGAAAGGATTTTCAAT
TCTATAAAGTTAGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTTAATGCCGTC
GTAGGGACCGCACTCATTAAGAAATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGATTA
CAAAGTTTATGACGTCCGTAAGATGATCGCGAARAGCGAACAGGAGATAGGCAAGGCTACAG
CCAAATACTTCTTTTATTCTAACATTATGAATTTCTTTAAGACGGAAATCACTCTGGCAAAC
GGAGAGATACGCAAACGACCTTTAATTGARACCAATGGGGAGACAGGTGAAATCGTATGGGA
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TAAGGGCCGGGACTTCGCGACGGTGAGAARAGTTTTGTCCATGCCCCAAGTCAACATAGTARA
AGAAARACTGAGGTGCAGACCGGAGGGTTTTCAAAGGAATCGATTCTTCCAAAAAGGAATAGT
GATAAGCTCATCGCTCGTAAAAAGGACTGGGACCCGARAAAGTACGGTGGCTTCGATAGCCC
TACAGTTGCCTATTCTGTCCTAGTAGTGGCAAAAGT TGAGAAGGGAARATCCAAGAAACTGA
AGTCAGTCAAAGAATTATTGGGGATAACGATTATGGAGCGCTCGTCTTTTGAAAAGAACCCC
ATCGACTTCCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATAATTAAACTACC
ARAAGTATAGTCTGTTTGAGTTAGAARAATGGCCGAAAACGGATGTTGGCTAGCGCCGGAGAGC
TTCAARAGGGGAACGAACTCGCACTACCGTCTARATACGTGAATTTCCTGTATTTAGCGTCC
CATTACGAGAAGTTGAAAGGTTCACCTGAAGATAACGAACAGAAGCAACTTTTTGTTGAGCA
GCACAAACATTATCTCGACGARAATCATAGAGCARATTTCGGAATTCAGTAAGAGAGTCATCC
TAGCTGATGCCAATCTGGACAAAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCATA
CGTGAGCAGGCGGAAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGC
ATTCAAGTATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGAGGTGCTAG
ACGCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTCGGATAGATTTGTCACAG
CTTGGGGGTGACGGATCCCCCAAGAAGAAGAGGARAGTCTCGAGCGACTACAAAGACCATGA
CGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGA

MDKKYSIGLATIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSTKKNLIGALLFDSGETAEAT

RLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVD
EVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFEI
QLVOQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGL
TPNEFKSNEFDLAEDAKLOQLSKDTYDDDLDNLLAQIGDOQYADLEFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGYIDGGASQEEF
YKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDEFYPFLK
DNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNEFEEVVDKGASAQSEFIERMT
NEDKNLPNEKVLPKHSLLYEYEFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLEFKTNRK
VTVKQLKEDYFKKIECEFDSVEISGVEDREFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIV
LTLTLFEDREMIEERLKTYAHLEFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKOQSGKTILDE
LKSDGFANRNEMQLIHDDSLTFKEDIQKAQVSGQOGDSLHEHIANLAGSPATKKGILOTVEKVV

DELVEVMGRHKPENIVIEMARENQT TOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQL

ONERKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOSFLKDDS IDNKVLTRSDKNRGKSD

NVPSEEVVKKMKNYWRQLLNAKLITQRKEDNLTKAERGGLSELDKAGETIKRQIVETROITKH

VAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDEFQFYKVRE INNYHHAHDAYTNAV

VGTALIKKYPKIESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFEYSNIMNEFEFKTE I TLAN
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GEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGEFSKESILPKRNS

DKLIARKKDWDPKKYGGEDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSEFEKNP
IDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNELYLAS
HYEKLKGSPEDNEQKQLEFVEQHKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKP I
REQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ
LGGD

(single underline: HNH domain; double underline: RuvC domain)

In some embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus
pyogenes (NCBI Reference Sequence: NC _002737.2 (nucleotide sequence as follows); and

Uniprot Reference Sequence: Q99ZW2 (amino acid sequence as follows).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGGGCGGTGAT
CACTGATGAATATAAGGTTCCGTCTAAARAAGTTCAAGGTTCTGGGAAATACAGACCGCCACA
GTATCAAAAAARAATCTTATAGGGGCTCTTTTATTTGACAGTGGAGAGACAGCGGAAGCGACT
CGTCTCAAACGGACAGCTCGTAGAAGGTATACACGTCGGAAGAATCGTATTTGTTATCTACA
GGAGATTTTTTCAAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGT
CTTTTTTGGTGGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGAT
GAAGTTGCTTATCATGAGAAATATCCAACTATCTATCATCTGCGAAARARATTGGTAGATTC
TACTGATAARAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTG
GTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAAACTATTTATC
CAGTTGGTACAAACCTACAATCAATTATTTGAAGARAACCCTATTAACGCAAGTGGAGTAGA
TGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCAAGACGATTAGAARAATCTCATTGCTC
AGCTCCCCGGTGAGAAGAAAAATGGCTTATTTGGGAATCTCATTGCTTTGTCATTGGGTTTG
ACCCCTAATTTTAAATCAAATTTTGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGA
TACTTACGATGATGATTTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGT
TTTTGGCAGCTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATACT
GAAATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAACGCTACGATGAACATCATCAAGA
CTTGACTCTTTTAAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATAAAGAAATCTTTT
TTGATCAATCAAAAANCGGATATGCAGGTTATATTGATGGGGGAGCTAGCCAAGAAGAATTT
TATAAATTTATCAAACCAATTTTAGAAAAAATGGATGGTACTGAGGAATTATTGGTGAAACT
ARAATCGTGAAGATTTGCTGCGCAAGCAACGGACCTTTGACAACGGCTCTATTCCCCATCAAA
TTCACTTGGGTGAGCTGCATGCTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTARAR
GACAATCGTGAGAAGATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATT
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GGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGAAGAARCAATTACCCCAT
GGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGCATGACA
AACTTTGATAAAAATCTTCCAAATGAAAAAGTACTACCAAAACATAGTTTGCTTTATGAGTA
TTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTACTGAAGGAATGCGAAAACCAG
CATTTCTTTCAGGTGAACAGAAGAAAGCCATTGTTGATTTACTCTTCARAAACAAATCGAARAA
GTAACCGTTAAGCAATTAAAAGAAGATTATTTCAARAAAATAGAATGTTTTGATAGTGTTGA
AATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGTACCTACCATGATTTGCTAARAR
TTATTAAAGATAAAGATTTTTTGGATAATGAAGAAAATGAAGATATCTTAGAGGATATTGTT
TTAACATTGACCTTATTTGAAGATAGGGAGATGATTGAGGAAAGACTTAAAACATATGCTCA
CCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGGTTGGGGACGTT
TGTCTCGARAATTGATTAATGGTATTAGGGATAAGCAATCTGGCAAAACAATATTAGATTTT
TTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGATAGTTTGAC
ATTTARAGAAGACATTCAAAAAGCACAAGTGTCTGGACAAGGCGATAGTTTACATGAACATA
TTGCAAATTTAGCTGGTAGCCCTGCTATTAAAAAAGGTATTTTACAGACTGTAAAAGTTGTT
GATGAATTGGTCAAAGTAATGGGGCGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACG
TGAAAATCAGACAACTCAARAAGGGCCAGAAARAATTCGCGAGAGCGTATGAARCGAATCGAAG
AAGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGARAARATACTCAATTG
CAAAATGAAAAGCTCTATCTCTATTATCTCCAARATGCGAAGAGACATGTATGTGGACCAAGA
ATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCCTTA
AAGACGATTCAATAGACAATAAGGTCTTAACGCGTTCTGATARAAATCGTGGTAAATCGGAT
AACGTTCCAAGTGAAGAAGTAGTCAAARAGATGAAAARACTATTGGAGACAACTTCTARACGC
CAAGTTAATCACTCAACGTAAGTTTGATAATTTAACGAARAGCTGAACGTGGAGGTTTGAGTG
AACTTGATAAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCAT
GTGGCACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATARACTTATTCG
AGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCGAAAAGATTTCCAAT
TCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCATGATGCGTATCTAAATGCCGTC
GTTGGAACTGCTTTGATTAAGAAATATCCAAAACTTGAATCGGAGTTTGTCTATGGTGATTA
TAAAGTTTATGATGTTCGTAAAATGATTGCTAAGTCTGAGCAAGAAATAGGCAAAGCAACCG
CAAAATATTTCTTTTACTCTAATATCATGAACTTCTTCAAAACAGAAATTACACTTGCAAAT
GGAGAGATTCGCAAACGCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGA
TAAAGGGCGAGATTTTGCCACAGTGCGCARAGTATTGTCCATGCCCCAAGTCAATATTGTCA
AGAAARACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAARAAGARAATTCG
GACAAGCTTATTGCTCGTAAARAAGACTGGGATCCAAAAARAATATGGTGGTTTTGATAGTCC
AACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAAAAGGGARATCGAAGAAGTTAA
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AATCCGTTAAAGAGTTACTAGGGATCACAATTATGGAAAGAAGTTCCTTTGAAARAARAATCCG
ATTGACTTTTTAGAAGCTAAAGGATATAAGGAAGTTAAAAAAGACTTAATCATTAAACTACC
TAAATATAGTCTTTTTGAGTTAGARAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAAT
TACAARAAGGAAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGT
CATTATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGTGGAGCA
GCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTAAGCGTGTTATTT
TAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACAAACATAGAGACAAACCAATA
CGTGAACAAGCAGAAAATATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGC
TTTTAAATATTTTGATACAACAATTGATCGTAAACGATATACGTCTACARARNGAAGTTTTAG
ATGCCACTCTTATCCATCAATCCATCACTGGTCTTTATGARACACGCATTGATTTGAGTCAG
CTAGGAGGTGACTGA

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKEFKVLGNTDRHSTKKNLIGALLEFDSGETAEAT

RLKRTARRRYTRRKNRICYLQETIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVD
EVAYHEKYPTIYHLRKKLVDSTDKADLRLIYILALAHMIKFRGHFLIEGDLNPDNSDVDKLET
QLVOQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGL
TPNEFKSNEFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLKALVRQOQLPEKYKEIFFDOSKNGYAGYIDGGASQEEEF
YKFIKPILEKMDGTEELLVKLNREDLLRKORTFDNGSIPHQIHLGELHAILRRQEDEYPEFLK
DNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSEFIERMT
NEDKNLPNEKVLPKHSLLYEYEFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK
VTVKQLKEDYFKKIECEFDSVEISGVEDREFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIV
LTLTLFEDREMIEERLKTYAHLEDDKVMKOLKRRRY TGWGRLSRKLINGIRDKOSGKTILDE
LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGOGDSLHEHIANLAGSPATKKGILQTVKVYV

DELVEKVMGRHKPENIVIEMARENQTTQKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQL

ONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOSFLKDDS IDNKVLTRSDKNRGKSD

NVPSEEVVKKMREKNYWROLLNAKLITORKFDNLTKAERGGLSELDKAGEFTIKROLVETROTTKH

VAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDEFRKDEFQFYKVREINNYHHAHDAYTLNAV

VGTALIKKYPKILESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFEYSNIMNFEFKTETITLAN

GETREKRPLIETNGETGE IVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGESKES ILPKRNS

DKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP
IDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLAS
HYEKLKGSPEDNEQKOQLEFVEQHKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKPI
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REQAENTITHLFTLTNLGAPAAFKYEFDTTIDRKRYTSTKEVLDATLTHQSITGLYETRIDLSQ
LGGD (SEQ ID NO: 1. single underline: HNH domain; double underline: RuvC domain)

In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans (NCBI
Refs: NC 015683.1, NC 017317.1); Corynebacterium diphtheria (NCBI Refs:

NC _016782.1, NC_016786.1); Spiroplasma syrphidicola (NCBI Ref: NC_021284.1);
Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:

NC 021846.1); Streptococcus iniae (NCBI Ref: NC 021314.1); Belliella baltica (NCBI Ref:
NC _018010.1); Psychroflexus torquisl (NCBI Ref: NC_018721.1); Streptococcus
thermophilus (NCBI Ref: YP 820832.1), Listeria innocua (NCBI Ref: NP_472073.1),
Campylobacter jejuni (NCBI Ref: YP 002344900.1) or Neisseria. meningitidis (NCBI Ref:
YP 002342100.1) or to a Cas9 from any other organism.

In some embodiments, dCas9 corresponds to, or comprises in part or in whole, a Cas9
amino acid sequence having one or more mutations that inactivate the Cas9 nuclease activity.
For example, in some embodiments, a dCas9 domain comprises D10A and an H840A
mutation or corresponding mutations in another Cas9. In some embodiments, the dCas9

comprises the amino acid sequence of dCas9 (D10A and H840A):

MDKKYSIGLATIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSTKKNLIGALLFDSGETAEAT

RLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSEFFHRLEESFLVEEDKKHERHPIEFGNIVD
EVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFEI
QLVOQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGL
TPNEFKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLKALVRQOQLPEKYKEIFEFDOSKNGYAGY IDGGASQEEF
YKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGS IPHQIHLGELHATITLRRQEDEYPEFLK
DNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNEFEEVVDKGASAQSFIERMT
NEDKNLPNEKVLPKHSLLYEYEFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLEFKTNRK
VIVKQLKEDYEFKKIECEDSVEISGVEDREFNASLGTYHDLLKIIKDKDEFLDNEENEDILEDIV
LTLTLFEDREMIEERLKTYAHLEDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQOSGKTILDEF
LKSDGFANRNEMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPATIKKGILOTVEVV

DELVEKVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQL

ONEKLYLYYLONGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDS IDNKVLTRSDKNRGKSD

NVPSEEVVKKMEKNYWROQLLNAKLITORKFDNLTKAERGGLSELDKAGETIKROLVETROTITKH

VAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDEFQEFYKVRE INNYHHAHDAYT NAV

VGTALTKKYPKLESEFVYGDYKVYDVRKMIAKSEQETGKATAKYFEYSNTIMNEFFKTE T TLAN
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GEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGEFSKESILPKRNS

DKLIARKKDWDPKKYGGEDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSEFEKNP
IDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNELYLAS
HYEKLKGSPEDNEQKQLEFVEQHKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKP I
REQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ
LGGD

(single underline: HNH domain; double underline: RuvC domain).

In some embodiments, the Cas9 domain comprises a D10A mutation, while the
residue at position 840 remains a histidine in the amino acid sequence provided above, or at
corresponding positions in any of the amino acid sequences provided herein.

In other embodiments, dCas9 variants having mutations other than D10A and H840A
are provided, which, e.g., result in nuclease inactivated Cas9 (dCas9). Such mutations, by
way of example, include other amino acid substitutions at D10 and H840, or other
substitutions within the nuclease domains of Cas9 (e.g., substitutions in the HNH nuclease
subdomain and/or the RuvC1 subdomain). In some embodiments, variants or homologues of
dCas9 are provided which are at least about 70% identical, at least about 80% identical, at
least about 90% identical, at least about 95% identical, at least about 98% identical, at least
about 99% identical, at least about 99.5% identical, or at least about 99.9% identical. In
some embodiments, variants of dCas9 are provided having amino acid sequences which are
shorter, or longer, by about 5 amino acids, by about 10 amino acids, by about 15 amino acids,
by about 20 amino acids, by about 25 amino acids, by about 30 amino acids, by about 40
amino acids, by about 50 amino acids, by about 75 amino acids, by about 100 amino acids or
more.

In some embodiments, Cas9 fusion proteins as provided herein comprise the full-
length amino acid sequence of a Cas9 protein, e.g., one of the Cas9 sequences provided
herein. In other embodiments, however, fusion proteins as provided herein do not comprise a
full-length Cas9 sequence, but only one or more fragments thereof. Exemplary amino acid
sequences of suitable Cas9 domains and Cas9 fragments are provided herein, and additional
suitable sequences of Cas9 domains and fragments will be apparent to those of skill in the art.

In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans (NCBI
Refs: NC 015683.1, NC 017317.1); Corynebacterium diphtheria (NCBI Refs:

NC 016782.1, NC_016786.1), Spiroplasma syrphidicola (NCBI Ref: NC 021284.1);
Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:
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NC _021846.1); Streptococcus iniae (NCBI Ref: NC 021314.1); Belliella baltica (NCBI Ref:
NC _018010.1); Psychroflexus torquisl (NCBI Ref: NC_018721.1); Streptococcus
thermophilus (NCBI Ref: YP 820832.1); Listeria innocua (NCBI Ref: NP_472073.1),
Campylobacter jejuni (NCBI Ref: YP 002344900.1); or Neisseria. meningitidis (NCBI Ref:
YP 002342100.1).

It should be appreciated that additional Cas9 proteins (e.g., a nuclease dead Cas9
(dCas9), a Cas9 nickase (nCas9), or a nuclease active Cas9), including variants and homologs
thereof, are within the scope of this disclosure. Exemplary Cas9 proteins include, without
limitation, those provided below. In some embodiments, the Cas9 protein is a nuclease dead
Cas9 (dCas9). In some embodiments, the Cas9 protein is a Cas9 nickase (nCas9). In some
embodiments, the Cas9 protein is a nuclease active Cas9.

Exemplary catalytically inactive Cas9 (dCas9):
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGW GRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKYV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
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HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary catalytically Cas9 nickase (nCas9):
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKIL VDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLK SKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKILKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary catalytically active Cas9:
DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
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KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
ONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKYV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

In some embodiments, Cas9 refers to a Cas9 from archaea (e.g. nanoarchaea), which
constitute a domain and kingdom of single-celled prokaryotic microbes. In some
embodiments, Cas9 refers to CasX or CasY, which have been described in, for example,
Burstein et al., "New CRISPR-Cas systems from uncultivated microbes." Cell Res. 2017 Feb
21. doi: 10.1038/cr.2017.21, the entire contents of which is hereby incorporated by reference.
Using genome-resolved metagenomics, a number of CRISPR-Cas systems were identified,
including the first reported Cas9 in the archaeal domain of life. This divergent Cas9 protein
was found in little- studied nanoarchaea as part of an active CRISPR-Cas system. In bacteria,
two previously unknown systems were discovered, CRISPR-CasX and CRISPR-CasY, which
are among the most compact systems yet discovered. In some embodiments, Cas9 refers to
CasX, or a variant of CasX. In some embodiments, Cas9 refers to a CasY, or a variant of
CasY. It should be appreciated that other RNA-guided DNA binding proteins may be used as
a nucleic acid programmable DNA binding protein (napDNADbp), and are within the scope of

this disclosure.
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In some embodiments, the nucleic acid programmable DNA binding protein
(napDNADp) of any of the fusion proteins provided herein may be a CasX or CasY protein.
In some embodiments, the napDNAbp is a CasX protein. In some embodiments, the
napDNADp is a CasY protein. In some embodiments, the napDNAbp comprises an amino
acid sequence that is at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at ease
99.5% identical to a naturally-occurring CasX or CasY protein. In some embodiments, the
napDNADbp is a naturally-occurring CasX or CasY protein. In some embodiments, the
napDNAbp comprises an amino acid sequence that is at least 85%, at least 90%, at least 91%,
at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,
at least 99%, or at ease 99.5% identical to any CasX or CasY protein described herein. It
should be appreciated that CasX and CasY from other bacterial species may also be used in

accordance with the present disclosure.

CasX (uniprot.org/uniprot/FONN87; uniprot.org/uniprot/FONH53)
>tr[FONN87|[FONN87 SULIH CRISPR-associated Casx protein OS = Sulfolobus
islandicus (strain  HVE10/4) GN =SiH 0402 PE=4 SV=1
MEVPLYNIFGDNYIQVATEAENSTIYNNKVEIDDEELRNVLNLAYKIAKNNEDAAAE
RRGKAKKKKGEEGETTTSNIILPLSGNDKNPWTETLKCYNFPTTVALSEVFKNFSQV
KECEEVSAPSFVKPEFYEFGRSPGMVERTRRVKLEVEPHYLITAAAGWVLTRLGKAK
VSEGDYVGVNVFTPTRGILYSLIQNVNGIVPGIKPETAFGLWIARKVVSSVTNPNVSV
VRIYTISDAVGQNPTTINGGFSIDLTKLLEKRYLLSERLEATARNALSISSNMRERYIVL
ANYIYEYLTG SKRLEDLLYFANRDLIMNLNSDDGKVRDLKLISAY VNGELIRGEG

>tr[FONHS3|[FONHS3 SULIR CRISPR associated protein, Casx OS = Sulfolobus
islandicus (strain REY15A) GN=SiRe 0771 PE=4 SV=I
MEVPLYNIFGDNYIQVATEAENSTIYNNKVEIDDEELRNVLNLAYKIAKNNEDAAAE
RRGKAKKKKGEEGETTTSNIILPLSGNDKNPWTETLKCYNFPTTVALSEVFKNFSQV
KECEEVSAPSFVKPEFYKFGRSPGMVERTRRVKLEVEPHYLIMAAAGW VLTRLGKA
KVSEGDYVGVNVFTPTRGILYSLIQNVNGIVPGIKPETAFGLWIARKVVSSVTNPNVS
VVSIYTISDAVGOQNPTTINGGFSIDLTKLLEKRDLLSERLEATARNALSISSNMRERYIV
LANYIYEYLTGSKRLEDLLYFANRDLIMNLNSDDGKVRDLKLISAYVNGELIRGEG

CasY (ncbi.nlm.nih.gov/protein/APG80656.1)
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>APG80656.1 CRISPR-associated protein CasY [uncultured Parcubacteria group
bacterium]
MSKRHPRISGVKGYRLHAQRLEYTGKSGAMRTIKYPLYSSPSGGRTVPREIVSAINDD
YVGLYGLSNFDDLYNAEKRNEEKVYSVLDFWYDCVQYGAVFSYTAPGLLKNVAEV
RGGSYELTKTLKGSHLYDELQIDKVIKFLNKKEISRANGSLDKLKKDIIDCFKAEYRE
RHKDQCNKLADDIKNAKKDAGASLGERQKKLFRDFFGISEQSENDKPSFTNPLNLTC
CLLPFDTVNNNRNRGEVLFNKLKEYAQKLDKNEGSLEMWEYIGIGNSGTAFSNFLG
EGFLGRLRENKITELKKAMMDITDAWRGQEQEEELEKRLRILAALTIKLREPKFDNH
WGGYRSDINGKLSSWLQNYINQTVKIKEDLKGHKKDLKKAKEMINRFGESDTKEEA
VVSSLLESIEKIVPDDSADDEKPDIPATAITYRRFLSDGRLTLNRFVQREDVQEALIKERL
EAEKKKKPKKRKKKSDAEDEKETIDFKELFPHLAKPLKLVPNFYGDSKRELYKKYK
NAAIYTDALWKAVEKIYKSAFSSSLKNSFFDTDFDKDFFIKRLQKIFSVYRRFNTDKW
KPIVKNSFAPYCDIVSLAENEVLYKPKQSRSRKSAAIDKNRVRLPSTENIAKAGIALA
RELSVAGFDWKDLLKKEEHEEYIDLIELHKTALALLLAVTETQLDISALDFVENGTV
KDFMKTRDGNLVLEGRFLEMFSQSIVFSELRGLAGLMSRKEFITRSAIQTMNGKQAE
LLYIPHEFQSAKITTPKEMSRAFLDLAPAEFATSLEPESLSEKSLLKLKQMRYYPHYFG
YELTRTGQGIDGGVAENALRLEKSPVKKREIKCKQYKTLGRGQNKIVLYVRSSYYQT
QFLEWFLHRPKNVQTDVAVSGSFLIDEKKVKTRWNYDALTVALEPVSGSERVFVSQ
PFTIFPEKSAEEEGQRYLGIDIGEYGIAYTALEITGDSAKILDQNFISDPQLKTLREEVK
GLKLDQRRGTFAMPSTKIARIRESLVHSLRNRIHHLALKHKAKIVYELEVSRFEEGKQ
KIKKVYATLKKADVYSEIDADKNLQTTVWGKLAVASEISASYTSQFCGACKKLWRA
EMQVDETITTQELIGTVRVIKGGTLIDAIKDFMRPPIFDENDTPFPKYRDFCDKHHISK
KMRGNSCLFICPFCRANADADIQASQTIALLRYVKEEKKVEDYFERFRKLKN IKVLG
QMKKI

By “cytidine deaminase” is meant a polypeptide or fragment thereof capable of
catalyzing a deamination reaction that converts an amino group to a carbonyl group. In one
embodiment, the cytidine deaminase converts cytosine to uracil or 5-methylcytosine to
thymine. PmCDA1, which is derived from Petromyzon marinus (Petromyzon marinus
cytosine deaminase 1, “PmCDA1”), AID (Activation-induced cytidine deaminase; AICDA),
which is derived from a mammal (e.g., human, swine, bovine, horse, monkey etc.), and
APOBEC are exemplary cytidine deaminases.

The base sequence and amino acid sequence of PmCDA1 and the base sequence and

amino acid sequence of CDS of human AID are shown herein below:
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>tr|ASH718|ASH718 PETMA Cytosine deaminase OS=Petromyzon marinus OX=7757

PE=2 SV=1
MTDAEYVRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNKEQSG
TERGIHAEIFSIRKVEEYLRDNPGOQFTINWYSSWSPCADCAEKILEWYNQELRGNGHTLK
IWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQLNENRWLEKT
LKRAEKRRSELSIMIQVKILHTTKSPAV

>EF094822.1 Petromyzon marinus isolate PmCDA.21 cytosine deaminase mRNA,

complete cds
TGACACGACACAGCCGTGTATATGAGGAAGGGTAGCTGGATGGGGGGGGGGGGAATACGTTCAGAGAGGA
CATTAGCGAGCGTCTTGTTGGTGGCCTTGAGTCTAGACACCTGCAGACATGACCGACGCTGAGTACGTGA
GAATCCATGAGAAGTTGGACATCTACACGTTTAAGAAACAGTTTTTCAACAACAAAAARTCCGTGTCGCA
TAGATGCTACGTTCTCTTTGAATTAAAACGACGGGGTGAACGTAGAGCGTGTTTTTGGGGCTATGCTGTG
AATAAACCACAGAGCGGGACAGAACGTGGAATTCACGCCGAAATCTTTAGCATTAGAAAAGTCGAAGAAT
ACCTGCGCGACAACCCCGGACAATTCACGATAAATTGGTACTCATCCTGGAGTCCTTGTGCAGATTGCGC
TGAAAAGATCTTAGAATGGTATAACCAGGAGCTGCGGGGGAACGGCCACACTTTGARAATCTGGGCTTGC
AAACTCTATTACGAGAAAAATGCGAGGAATCAAATTGGGCTGTGGAACCTCAGAGATAACGGGGTTGGGT
TGAATGTAATGGTAAGTGAACACTACCAATGTTGCAGGAAAATATTCATCCAATCGTCGCACAATCAATT
GAATGAGAATAGATGGCTTGAGAAGACTTTGAAGCGAGCTGARAARAACGACGGAGCGAGTTGTCCATTATG
ATTCAGGTAAAAATACTCCACACCACTAAGAGTCCTGCTGTTTAAGAGGCTATGCGGATGGTTTTC

>tr|Q60J80|Q6QJ80 HUMAN Activation-induced cytidine deaminase OS=Homo
sapliens 0X=9606 GN=AICDA PE=2 35Vv=1
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSEFSLDEFGYLRNKNGCHVELL
FLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLYFCEDRK
AEPEGLRRLHRAGVQIAIMTFKAPV

>NG_011588.1:5001-15681 Homo sapiens activation induced cytidine deaminase

(AICDA), RefseqGene (LRG 17) on chromosome 12

AGAGAACCATCATTAATTGAAGTGAGATTTTTCTGGCCTGAGACTTGCAGGGAGGCAAGAAGACACTCTG
GACACCACTATGGACAGGTAAAGAGGCAGTCTTCTCGTGGGTGATTGCACTGGCCTTCCTCTCAGAGCAA
ATCTGAGTAATGAGACTGGTAGCTATCCCTTTCTCTCATGTAACTGTCTGACTGATAAGATCAGCTTGAT
CAATATGCATATATATTTTTTGATCTGTCTCCTTTTCTTCTATTCAGATCTTATACGCTGTCAGCCCAAT
TCTTTCTGTTTCAGACTTCTCTTGATTTCCCTCTTTTTCATGTGGCAAAAGAAGTAGTGCGTACAATGTA
CTGATTCGTCCTGAGATTTGTACCATGGTTGAAACTAATTTATGGTAATAATATTAACATAGCAAATCTT
TAGAGACTCAAATCATGAAAAGGTAATAGCAGTACTGTACTAAAAACGGTAGTGCTAATTTTCGTAATAA
TTTTGTAAATATTCAACAGTAAAACAACTTGAAGACACACTTTCCTAGGGAGGCGTTACTGAAATAATTT
AGCTATAGTAAGAAAATTTGTAATTTTAGAAATGCCAAGCATTCTAAATTAATTGCTTGAAAGTCACTAT
GATTGTGTCCATTATAAGGAGACAAATTCATTCAAGCAAGTTATTTAATGTTAAAGGCCCAATTGTTAGG
CAGTTAATGGCACTTTTACTATTAACTAATCTTTCCATTTGTTCAGACGTAGCTTAACTTACCTCTTAGG
TGTGAATTTGGTTAAGGTCCTCATAATGTCTTTATGTGCAGTTTTTGATAGGTTATTGTCATAGAACTTA
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TTCTATTCCTACATTTATGATTACTATGGATGTATGAGAATAACACCTAATCCTTATACTTTACCTCAAT
TTAACTCCTTTATAAAGAACTTACATTACAGAATAAAGATTTTTTAAAAATATATTTTTTTGTAGAGACA
GGGTCTTAGCCCAGCCGAGGCTGGTCTCTAAGTCCTGGCCCAAGCGATCCTCCTGCCTGGGCCTCCTAAA
GTGCTGGAATTATAGACATGAGCCATCACATCCAATATACAGAATAAAGATTTTTAATGGAGGATTTAAT
GTTCTTCAGAAAATTTTCTTGAGGTCAGACAATGTCAAATGTCTCCTCAGTTTACACTGAGATTTTGAAA
ACAAGTCTGAGCTATAGGTCCTTGTGAAGGGTCCATTGGAAATACTTGTTCAAAGTAAAATGGAAAGCAA
AGGTAAAATCAGCAGTTGAAATTCAGAGAAAGACAGAAANAGGAGAAAAGATGAAATTCAACAGGACAGAA
GGGAAATATATTATCATTAAGGAGGACAGTATCTGTAGAGCTCATTAGTGATGGCAAAATGACTTGGTCA
GGATTATTTTTAACCCGCTTGTTTCTGGTTTGCACGGCTGGGGATGCAGCTAGGGTTCTGCCTCAGGGAG
CACAGCTGTCCAGAGCAGCTGTCAGCCTGCAAGCCTGAAACACTCCCTCGGTAAAGTCCTTCCTACTCAG
GACAGAAATGACGAGAACAGGGAGCTGGAAACAGGCCCCTAACCAGAGAAGGCGAAGTAATGGATCAACAA
AGTTAACTAGCAGGTCAGGATCACGCAATTCATTTCACTCTGACTGGTAACATGTGACAGAAACAGTGTA
GGCTTATTGTATTTTCATGTAGAGTAGGACCCAAAAATCCACCCAAAGTCCTTTATCTATGCCACATCCT
TCTTATCTATACTTCCAGGACACTTTTTCTTCCTTATGATAAGGCTCTCTCTCTCTCCACACACACACAC
ACACACACACACACACACACACACACACACACAAACACACACCCCGCCAACCAAGGTGCATGTAAAAAGA
TGTAGATTCCTCTGCCTTTCTCATCTACACAGCCCAGGAGGGTAAGTTAATATAAGAGGGATTTATTGGT
AAGAGATGATGCTTAATCTGTTTAACACTGGGCCTCAAAGAGAGAATTTCTTTTCTTCTGTACTTATTAA
GCACCTATTATGTGTTGAGCTTATATATACAAAGGGTTATTATATGCTAATATAGTAATAGTAATGGTGG
TTGGTACTATGGTAATTACCATAAAAATTATTATCCTTTTAAAATAAAGCTAATTATTATTGGATCTTTT
TTAGTATTCATTTTATGTTTTTTATGTTTTTGATTTTTTAAAAGACAATCTCACCCTGTTACCCAGGCTG
GAGTGCAGTGGTGCAATCATAGCTTTCTGCAGTCTTGAACTCCTGGGCTCAAGCAATCCTCCTGCCTTGG
CCTCCCAAAGTGTTGGGATACAGTCATGAGCCACTGCATCTGGCCTAGGATCCATTTAGATTAAAATATG
CATTTTAAATTTTAAAATAATATGGCTAATTTTTACCTTATGTAATGTGTATACTGGCAATAAATCTAGT
TTGCTGCCTAAAGTTTAAAGTGCTTTCCAGTAAGCTTCATGTACGTGAGGGCGAGACATTTAAAGTGAAAC
AGACAGCCAGGTGTGGTGGCTCACGCCTGTAATCCCAGCACTCTGGGAGGCTGAGGTGGGTGGATCGCTT
GAGCCCTGGAGTTCAAGACCAGCCTGAGCAACATGGCAAAACGCTGTTTCTATAACAAAAATTAGCCGGG
CATGGTGGCATGTGCCTGTGGTCCCAGCTACTAGGGGGCTGAGGCAGGAGAATCGTTGGAGCCCAGGAGG
TCAAGGCTGCACTGAGCAGTGCTTGCGCCACTGCACTCCAGCCTGGGTGACAGGACCAGACCTTGCCTCA
AAAAPAATAAGAAGAAAAATTAAAAATAAATGGAAACAACTACAAAGAGCTGTTGTCCTAGATGAGCTACT
TAGTTAGGCTGATATTTTGGTATTTAACTTTTAAAGTCAGGGTCTGTCACCTGCACTACATTATTAAAAT
ATCAATTCTCAATGTATATCCACACAAAGACTGGTACGTGAATGTTCATAGTACCTTTATTCACAAAACC
CCAAAGTAGAGACTATCCAAATATCCATCAACAAGTGAACAAATAAACAARAATGTGCTATATCCATGCAA
TGGAATACCACCCTGCAGTACAAAGAAGCTACTTGGGGATGAATCCCAAAGTCATGACGCTAAATGAAAG
AGTCAGACATGAAGGAGGAGATAATGTATGCCATACGAAATTCTAGAAAATGAAAGTAACTTATAGTTAC
AGAAAGCAAATCAGGGCAGGCATAGAGGCTCACACCTGTAATCCCAGCACTTTGAGAGGCCACGTGGGAA
GATTGCTAGAACTCAGGAGTTCAAGACCAGCCTGGGCAACACAGTGAAACTCCATTCTCCACAAAAATGG
GAAARAAAAGAAAGCAAATCAGTGGTTGTCCTGTGGGCGAGGGGAAGGACTGCAAAGAGGGAAGAAGCTCTG
GTGGGGTGAGGGTGGTGATTCAGGTTCTGTATCCTGACTGTGGTAGCAGTTTGGGGTGTTTACATCCARAA
AATATTCGTAGAATTATGCATCTTAAATGGGTGGAGTTTACTGTATGTAAATTATACCTCAATGTAAGAA
AAAATAATGTGTAAGAAAACTTTCAATTCTCTTGCCAGCARACGTTATTCAAATTCCTGAGCCCTTTACT
TCGCAAATTCTCTGCACTTCTGCCCCGTACCATTAGGTGACAGCACTAGCTCCACAAATTGGATAAATGC
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ATTTCTGGAAAAGACTAGGGACAAAATCCAGGCATCACTTGTGCTTTCATATCAACCATGCTGTACAGCT
TGTGTTGCTGTCTGCAGCTGCAATGGGGACTCTTGATTTCTTTAAGGAAACTTGGGTTACCAGAGTATTT
CCACAAATGCTATTCAAATTAGTGCTTATGATATGCAAGACACTGTGCTAGGAGCCAGAAAACAAAGAGG
AGGAGAAATCAGTCATTATGTGGGAACAACATAGCAAGATATTTAGATCATTTTGACTAGTTAAAAAAGC
AGCAGAGTACAAAATCACACATGCAATCAGTATAATCCAAATCATGTAAATATGTGCCTGTAGAAAGACT
AGAGGAATAAACACAAGAATCTTAACAGTCATTGTCATTAGACACTAAGTCTAATTATTATTATTAGACA
CTATGATATTTGAGATTTAAAAAATCTTTAATATTTTAAAATTTAGAGCTCTTCTATTTTTCCATAGTAT
TCAAGTTTGACAATGATCAAGTATTACTCTTTCTTTTTTTTTTTTTTTTTTTTTTTTTGAGATGGAGTTT
TGGTCTTGTTGCCCATGCTGGAGTGGAATGGCATGACCATAGCTCACTGCAACCTCCACCTCCTGGGTTC
AAGCAAAGCTGTCGCCTCAGCCTCCCGGGTAGATGGGATTACAGGCGCCCACCACCACACTCGGCTAATG
TTTGTATTTTTAGTAGAGATGGGGTTTCACCATGTTGGCCAGGCTGGTCTCARACTCCTGACCTCAGAGG
ATCCACCTGCCTCAGCCTCCCAAAGTGCTGGGATTACAGATGTAGGCCACTGCGCCCGGCCAAGTATTGC
TCTTATACATTAAAANAACAGGTGTGAGCCACTGCGCCCAGCCAGGTATTGCTCTTATACATTAAAAANTA
GGCCGGTGCAGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAAGCCAAGGCGGGCAGAACACCCGAGGT
CAGGAGTCCAAGGCCAGCCTGGCCAAGATGGTGAAACCCCGTCTCTATTAAAAATACAAACATTACCTGG
GCATGATGGTGGGCGCCTGTAATCCCAGCTACT CAGGAGGCTGAGGCAGGAGGATCCGCGGAGCCTGGCA
GATCTGCCTGAGCCTGGGAGGTTGAGGCTACAGTAAGCCAAGATCATGCCAGTATACTTCAGCCTGGGCG
ACAAAGTGAGACCGTAACAAAAAAAANAAANTTTAAAAANAGARATTTAGATCAAGATCCAACTGTAAAA
AGTGGCCTAAACACCACATTAAAGAGTTTGGAGTTTATTCTGCAGGCAGAAGAGAACCATCAGGGGGTCT
TCAGCATGGGAATGGCATGGTGCACCTGGTTTTTGTGAGATCATGGTGCGTGACAGTGTGGGGAATGTTAT
TTTGGAGGGACTGGAGGCAGACAGACCGGTTAAAAGGCCAGCACAACAGATAAGGAGGAAGAAGATGAGG
GCTTGGACCGAAGCAGAGAAGAGCAAACAGGGAAGGTACAAATTCAAGAAATATTGGGGGGTTTGAATCA
ACACATTTAGATGATTAATTAAATATGAGGACTGAGGAATAAGAAATGAGT CAAGGATGGTTCCAGGCTG
CTAGGCTGCTTACCTGAGGTGGCARAGTCGGGAGGAGTGGCAGTTTAGGACAGGGGGCAGTTGAGGAATA
TTGTTTTGATCATTTTGAGTTTGAGGTACAAGTTGGACACTTAGGTAAAGACTGGAGGGGAAATCTGAAT
ATACAATTATGGGACTGAGGAACAAGTTTATTTTATTTTTTGTTTCGTTTTCTTGTTGAAGAACAAATTT
AATTGTAATCCCAAGTCATCAGCATCTAGAAGACAGTGGCAGGAGGTGACTGTCTTGTGGGTAAGGGTTT
GGGGTCCTTGATGAGTATCTCTCAATTGGCCTTAAATATAAGCAGGAAAAGGAGTTTATGATGGATTCCA
GGCTCAGCAGGGCTCAGGAGGGCTCAGGCAGCCAGCAGAGGAAGTCAGAGCATCTTCTTTGGTTTAGCCC
AAGTAATGACTTCCTTAAAAAGCTGAAGGAAAATCCAGAGTGACCAGATTATAAACTGTACTCTTGCATT
TTCTCTCCCTCCTCTCACCCACAGCCTCTTGATGAACCGGAGGAAGTTTCTTTACCAATTCAAAAATGTC
CGCTGGGCTAAGGGTCGGCGTGAGACCTACCTGTGCTACGTAGTGAAGAGGCGTGACAGTGCTACATCCT
TTTCACTGGACTTTGGTTATCTTCGCAATAAGGTATCAATTAAAGTCGGCTTTGCAAGCAGTTTAATGGT
CAACTGTGAGTGCTTTTAGAGCCACCTGCTGATGGTATTACTTCCATCCTTTTTTGGCATTTGTGTCTCT
ATCACATTCCTCAAATCCTTTTTTTTATTTCTTTTTCCATGTCCATGCACCCATATTAGACATGGCCCAA
AATATGTGATTTAATTCCTCCCCAGTAATGCTGGGCACCCTAATACCACTCCTTCCTTCAGTGCCAAGAA
CAACTGCTCCCARAACTGTTTACCAGCTTTCCTCAGCATCTGAATTGCCTTTGAGATTAATTAAGCTAAAA
GCATTTTTATATGGGAGAATATTATCAGCTTGTCCAAGCAAAAATTTTAAATGTGAAAAACAAATTGTGT
CTTAAGCATTTTTGAAAATTAAGGAAGAAGAATTTGGGAAAAAATTAACGGTGGCTCAATTCTGTCTTCC
AAATGATTTCTTTTCCCTCCTACTCACATGGGTCGTAGGCCAGTGAATACATTCAACATGGTGATCCCCA
GAAAACTCAGAGAAGCCTCGGCTGATGATTAATTAAATTGATCTTTCGGCTACCCGAGAGAATTACATTT
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CCAAGAGACTTCTTCACCAAAATCCAGATGGGTTTACATAAACTTCTGCCCACGGGTATCTCCTCTCTCC
TAACACGCTGTGACGTCTGGGCTTGGTGGAATCTCAGGGAAGCATCCGTGGGGTGGAAGGTCATCGTCTG
GCTCGTTGTTTGATGGTTATATTACCATGCAATTTTCTTTGCCTACATTTGTATTGAATACATCCCAATC
TCCTTCCTATTCGGTGACATGACACATTCTATTTCAGAAGGCTTTGATTTTATCAAGCACTTTCATTTAC
TTCTCATGGCAGTGCCTATTACTTCTCTTACAATACCCATCTGTCTGCTTTACCAAAATCTATTTCCCCT
TTTCAGATCCTCCCAAATGGTCCTCATAAACTGTCCTGCCTCCACCTAGTGGTCCAGGTATATTTCCACA
ATGTTACATCAACAGGCACTTCTAGCCATTTTCCTTCTCAAAAGGTGCAAAAAGCAACTTCATAAACACA
AATTAAATCTTCGGTGAGGTAGTGTGATGCTGCTTCCTCCCAACTCAGCGCACTTCGTCTTCCTCATTCC
ACAAAAACCCATAGCCTTCCTTCACTCTGCAGGACTAGTGCTGCCAAGGGTTCAGCTCTACCTACTGGTG
TGCTCTTTTGAGCAAGTTGCTTAGCCTCTCTGTAACACAAGGACAATAGCTGCAAGCATCCCCAAAGATC
ATTGCAGGAGACAATGACTAAGGCTACCAGAGCCGCAATARAAGTCAGTGAATTTTAGCGTGGTCCTCTC
TGTCTCTCCAGAACGGCTGCCACGTGGAATTGCTCTTCCTCCGCTACATCTCGGACTGGGACCTAGACCC
TGGCCGCTGCTACCGCGTCACCTGGTTCACCTCCTGGAGCCCCTGCTACGACTGTGCCCGACATGTGGCC
GACTTTCTGCGAGGGAACCCCAACCTCAGTCTGAGGATCTTCACCGCGCGCCTCTACTTCTGTGAGGACC
GCAAGGCTGAGCCCGAGGGGCTGCGGCGGCTGCACCGCGCCGGGGTGCAAATAGCCATCATGACCTTCAA
AGGTGCGARAGGGCCTTCCGCGCAGGCGCAGTGCAGCAGCCCGCATTCGGGATTGCGATGCGGAATGAAT
GAGTTAGTGGGGAAGCTCGAGGGGAAGAAGTGGGCGGGGATTCTGGTTCACCTCTGGAGCCGAAATTAAA
GATTAGAAGCAGAGAAAAGAGTGAATGGCTCAGAGACAAGGCCCCGAGGAAATGAGAAMATGGGGCCAGG
GTTGCTTCTTTCCCCTCGATTTGGAACCTGAACTGTCTTCTACCCCCATATCCCCGCCTTTTTTTCCTTT
TTTTTTTTTTGAAGATTATTTTTACTGCTGGAATACTTTTGTAGAAAACCACGAAAGAACTTTCAAAGCC
TGGGAAGGGCTGCATGAAAATTCAGTTCGTCTCTCCAGACAGCTTCGGCGCATCCTTTTGGTAAGGGGCT
TCCTCGCTTTTTAAATTTTCTTTCTTTCTCTACAGTCTTTTTTGGAGTTTCGTATATTTCTTATATTTTC
TTATTGTTCAATCACTCTCAGTTTTCATCTGATGAAAACTTTATTTCTCCTCCACATCAGCTTTTTCTTC
TGCTGTTTCACCATTCAGAGCCCTCTGCTAAGGTTCCTTTTCCCTCCCTTTTCTTTCTTTTGTTGTTTCA
CATCTTTAARATTTCTGTCTCTCCCCAGGGTTGCGTTTCCTTCCTGGTCAGAATTCTTTTCTCCTTTTTTT
TTTTTTTTTTTTTTTTTTTTAAACAAACAAACAAAAAACCCAAAAAANCTCTTTCCCAATTTACTTTCTT
CCAACATGTTACAAAGCCATCCACTCAGTTTAGAAGACTCTCCGGCCCCACCGACCCCCAACCTCGTTTT
GAAGCCATTCACTCAATTTGCTTCTCTCTTTCTCTACAGCCCCTGTATGAGGTTGATGACTTACGAGACG
CATTTCGTACTTTGGGACTTTGATAGCAACTTCCAGGAATGTCACACACGATGAAATATCTCTGCTGAAG
ACAGTGGATAAAAAACAGTCCTTCAAGTCTTCTCTGTTTTTATTCTTCAACTCTCACTTTCTTAGAGTTT
ACAGAAAARATATTTATATACGACTCTTTAAAAAGATCTATGTCTTGAAAATAGAGAAGGAACACAGGTC
TGGCCAGGGACGTGCTGCAATTGGTGCAGTTTTGAATGCAACATTGTCCCCTACTGGGAATAACAGAACT
GCAGGACCTGGGAGCATCCTAAAGTGTCAACGTTTTTCTATGACTTTTAGGTAGGATGAGAGCAGAAGGT
AGATCCTAAAAAGCATGGTGAGAGGATCAAATGTTTTTATATCAACATCCTTTATTATTTGATTCATTTG
AGTTAACAGTGGTGTTAGTGATAGATTTTTCTATTCTTTTCCCTTGACGTTTACTTTCAAGTAACACAAA
CTCTTCCATCAGGCCATGATCTATAGGACCTCCTAATGAGAGTATCTGGGTGATTGTGACCCCAAACCAT
CTCTCCAAAGCATTAATATCCAATCATGCGCTGTATGTTTTAATCAGCAGAAGCATGTTTTTATGTTTGT
ACAARAGAAGATTGTTATGGGCTGGGGATGGAGGTATAGACCATGCATGGTCACCTTCAAGCTACTTTAAT
AAAGGATCTTAAAATGGGCAGGAGGACTGTGAACAAGACACCCTAATAATGGGTTGATGTCTGAAGTAGC
AAATCTTCTGGAAACGCAAACTCTTTTAAGGAAGT CCCTAATTTAGAAACACCCACAAACTTCACATATC
ATAATTAGCAAACAATTGGAAGGAAGTTGCTTGAATGTTGGGGAGAGGAAAATCTATTGGCTCTCGT GGG
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TCTCTTCATCTCAGAAATGCCAATCAGGTCAAGGTTTGCTACATTTTGTATGTGTGTGATGCTTCTCCCA
AAGGTATATTAACTATATAAGAGAGTTGTGACAAAACAGAATGATAAAGCTGCGAACCGTGGCACACGCT
CATAGTTCTAGCTGCTTGGGAGGTTGAGGAGGGAGGATGGCTTGAACACAGGTGTTCAAGGCCAGCCTGG
GCAACATAACAAGATCCTGTCTCTCAAAAAAAANANNAANAANAAGARAGAGAGAGGGCCGGGCGTGGTG
GCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGCCGGGCGGATCACCTGTGGTCAGGAGTTTGAGA
CCAGCCTGGCCAACATGGCAAAACCCCGTCTGTACTCAAAATGCAAAAATTAGCCAGGCGTGGTAGCAGG
CACCTGTAATCCCAGCTACTTGGGAGGCTGAGGCAGCGAGAATCGCTTGAACCCAGGAGGTGGAGGTTGCA
GTAAGCTGAGATCGTGCCGTTGCACTCCAGCCTGGGCGACAAGAGCAAGACTCTGTCTCAGAAAAARARA
AAANPMAAGAGAGAGAGAGAGAAAGAGAACAATATTTGGGAGAGAAGCGATGGGGAAGCATTGCAAGGAAAT
TGTGCTTTATCCAACAAAATGTAAGGAGCCAATAAGGGATCCCTATTTGTCTCTTTTGGTGTCTATTTGT
CCCTAACAACTGTCTTTGACAGTGAGAAAAATATT CAGAATAACCATATCCCTGTGCCGTTATTACCTAG
CAACCCTTGCAATGAAGATGAGCAGATCCACAGGAAAACTTGAATGCACAACTGTCTTATTTTAATCTTA
TTGTACATAAGTTTGTAAAAGAGTTAAAAATTGTTACTTCATGTATTCATTTATATTTTATATTATTTTG
CGTCTAATGATTTTTTATTAACATGATTTCCTTTTCTGATATATTGAAATGGAGTCTCAAAGCTTCATAA
ATTTATAACTTTAGAAATGATTCTAATAACAACGTATGTAATTGTAACATTGCAGTAATGGTGCTACGAA
GCCATTTCTCTTGATTTTTAGTAAACTTTTATGACAGCAAATTTGCTTCTGGCTCACTTTCAATCAGTTA
AATAAATGATAAATAATTTTGGAAGCTGTGAAGATAAAATACCAAATAAAATAATATAAAAGTGATTTAT
ATGAAGTTAAAATAAAAAATCAGTATGATGGAATAAACTTG

Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC) is a
family of evolutionarily conserved cytidine deaminases. Members of this family are C-to-U
editing enzymes. The N-terminal domain of APOBEC like proteins is the catalytic domain,
while the C-terminal domain is a pseudocatalytic domain. More specifically, the catalytic
domain is a zinc dependent cytidine deaminase domain and is important for cytidine
deamination. APOBEC family members include APOBEC1, APOBEC2, APOBEC3A,
APOBEC3B, APOBEC3C, APOBEC3D ("APOBEC3E" now refers to this), APOBEC3F,
APOBEC3G, APOBEC3H, APOBEC4, and Activation-induced (cytidine) deaminase. A
number of modified cytidine deaminases are commercially available, including but not
limited to SaBE3, SaKKH-BE3, VQR-BE3, EQR-BE3, VRER-BE3, YEI1-BE3, EE-BE3,
YE2-BE3, and YEE-BE3, which are available from Addgene (plasmids 85169, 85170,
85171, 85172, 85173, 85174, 85175, 85176, 85177).

Other exemplary deaminases that can be fused to Cas9 according to aspects of this
disclosure are provided below. It should be understood that, in some embodiments, the active
domain of the respective sequence can be used, e.g., the domain without a localizing signal

(nuclear localization sequence, without nuclear export signal, cytoplasmic localizing signal).
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Human AID:
MDSLLMNRRKELYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDEFGYLRNKNGCHVELLEL

RYISDWDLDPGRCYRVTWETSWSPCYDCARHVADFLRGNPNLSLRIFTARLYFCEDRKAEPE
GLRRLHRAGVQIAIMTEFKDYFYCWNTEVENHERT FKAWEGLHENSVRLSROQLRRILLPLYEV

DDLRDAFRTLGL (underline: nuclear localization sequence; double underline: nuclear

export signal)

Mouse AID:
MDSLLMKOQKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGCHVELLEL

RYISDWDLDPGRCYRVTWETSWSPCYDCARHVAEFLRWNPNLSLRIFTARLYFCEDRKAEPE
GLRRLHRAGVQIGIMTEFKDYEFYCWNTEFVENRERT FKAWEGLHENSVRLTRQLRRILLPLYEV

DDLRDAFRMLGEF

(underline: nuclear localization sequence; double underline: nuclear export signal)

Dog AID:
MDSLLMEKQRKILYHEFRNVRWAKGRHETYLCYVVKRRDSATSEFSLDEFGHLRNKSGCHVELLEL

RYISDWDLDPGRCYRVTWETSWSPCYDCARHVADFLRGYPNLSLRIFAARLYFCEDRKAEPE
GLRRLHRAGVQIATIMTEFKDYEFYCWNTEFVENREKT FKAWEGLHENSVRLSRQLRRILLPLYEV

DDLRDAFRTLGL (underline: nuclear localization sequence; double underline: nuclear

export signal)

Bovine AID:
MDSLLKKOQROFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGCHVELLFET

RYISDWDLDPGRCYRVITWETSWSPCYDCARHVADFLRGYPNLSLRIFTARLYFCDKERKAEP
EGLRRLHRAGVQIAIMTFKDYEYCWNTEFVENHERT FKAWEGLHENSVRLSROQLRRILLPLYE

VDDLRDAFRTLGL (underline: nuclear localization sequence; double underline: nuclear

export signal)

Rat AID
MAVGSKPKAALVGPHWERERIWCFLCSTGLGTQOTGOTSRWLRPAATODPVSPPRSLLMKQOR

KEFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGYLRNKSGCHVELLFLRYISDWDLD
PGRCYRVTWEFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLTGWGALPAGLMSPARPSDYF
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YCWNTEVENHERTFKAWEGLHENSVRLSRRLRRILLPLYEVDDLRDAFRTLGL

(underline: nuclear localization sequence; double underline: nuclear export signal)

Mouse APOBEC-3

MGPFCLGCSHRKCY SPIRNLISQETFKFHFKNLGYAKGRKDTFLCYEVTRKDCDSPVSLHHGVFKNKD
NIHAEICFLYWFHDKVLKVLSPREEFKITWYMSWS PCFECAEQIVRFLATHHNLSLDIFSSRLYNVQD
PETQONLCRLVQEGAQVAAMDLY EFKKCWKKFVDNGGRRFRPWKRLLTNFRYQDSKLQEILRPCYIPV
PSSSSSTLSNICLTKGLPETRFCVEGRRMDPLSEEEFY SQFYNQRVKHLCYYHRMKPYLCYQLEQFENG
QAPLKGCLLSEKGKQHAEILFLDKIRSMELSQVTITCYLTHWS PCPNCAWQLAAFKRDRPDLILHIYTS
RLY FHWKRPFQKGLCSLWQSGILVDVMDLPQFTDCWTINEFVNPKRPFWPWKGLEI I SRRTQRRLRRIKE

SWGLODLVNDFGNLQLGPPMS (italic: nucleic acid editing domain)

Rat APOBEC-3:

MGPFCLGCSHRKCY SPIRNLISQETFKFHFKNRLRYATDRKDT FLCYEVTRKDCDSPVSLHHGVEKNK
DNIHAEICFLYWFHDKVLEKVLS PREEFKITWYMSWS PCFECAEQVLREFLATHHNLSLDIEFSSRLYNIR
DPENQONLCRLVQEGAQVAAMDLYEFKKCWKKEVDNGGRREFRPWKKLLTNERYQDSKLOETILRPCY IP
VPSSSSSTLSNICLTKGLPETRFCVERRRVHLLSEEEFY SQFYNQRVKHLCYYHGVKPYLCYQLEQEN
GOAPLKGCLLSEKGKQHAEILFLDKIRSMELSQVITITCYLTWS PCPNCAWQLAAFKRDRPDLILHIYT
SRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDCWINEVNPKRPEFWPWKGLETIISRRTOQRRLHRIK

ESWGLQDLVNDFGNLQLGPPMS (italic: nucleic acid editing domain)

Rhesus macaque APOBEC-3 G:
MVEPMDPRTFVSNENNRPILSGLNTVWLCCEVKTKDPSGPPLDAKIFQGKVYSKAKYHPEMR

FLRWEFHKWROLHHDOQEYRKVTWYVSWSPCTRCANSVATFLAKDPKVTLTIFVARLYYFWKPDY
QOATRILCQOKRGGPHATMKIMNYNEFQDCWNKEVDGRGKPFKPRNNLPKHYTLLOQATLGELL
RHLMDPGTFTSNENNKPWVSGOHETYLCYKVERLHNDTWVPLNQHRGEFLRNQAPNIHGFPKG
RHAELCEFLDLIPEFWKLDGQQYRVTCEFTSWSPCEFSCAQEMAKFISNNEHVSLCIFAARTIYDDQ
GRYQEGLRALHRDGAKIAMMNYSEFEYCWDTEVDROGRPFQPWDGLDEHSQALSGRLRAT

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Chimpanzee APOBEC-3 G:
MKPHFRNPVERMYQDTFSDNEYNRPILSHRNTVWLCYEVKTKGPSRPPLDAKIFRGQVYSKLKY HPEM

REFHWEFSKWRKLHRDOEYEVIWYISWS PCTKCTRDVATFLAEDPRKVTLTIFVARLYYFWDPDYQEALR
SLCOKRDGPRATMKIMNYDEEFQHCWSKEVY SQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTETS
NENNELWVRGRHETYLCYEVERLHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCEFLDVIPFWKLD
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LHODYRVTCFTSWS PCESCAQEMAKFISNNKHVSLCIFAARTYDDOQGRCOQEGLRTLAKAGARKISIMTY
SEFKHCWDTFVDHQGCPFQPWDGLEEHSQALSGRLRAILONQGN

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Green monkey APOBEC-3G:
MNPQIRNMVEQOMEPDIFVYYFNNRPTILSGRNTVWLCYEVKTKDPSGPPLDANIFQGKLYPEAKD HPEM

RFELHWFREKWROLHRDOEYEVIWYVSWS PCTRCANSVAT FLAEDPKVTLTIEFVARLYY FWKPDYQQALR
ILCQERGGPHATMKIMNYNE FQHCWNEFVDGOGKPEFKPRKNLPKHY TLLHATLGELLRHVMDPGTETS
NENNKPWVSGQRETYLCYRKVERSHNDTWVLLNQHRGFLRNQAPDRHGEFPKGRHAELCFLDLI PFWKLD
DOQYRVTCEFTSWSPCESCAQKMAKFISNNKHVSLCIFAARTIYDDOQGRCOEGLRTLHRDGAKTIAVMNY S
EFEYCWDTEFVDRQGRPFQPWDGLDEHSQALSGRLRAT

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Human APOBEC-3G:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQVYSELKY HPEM

RFFHWFSKWRKLHRDQEYEVIWYISWSPCTKCTRDMATFLAEDPKVTLTIEVARLYYFWDPDYQEALR
SLCOQKRDGPRATMKIMNYDEFQHCWSKEVY SQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTETE
NENNEPWVRGRHETYLCYEVERMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVI PFWKLD
LDODYRVTCFTSWS PCESCAQEMAKFISKNKHVSLCIFTARTIYDDOGRCOEGLRTLARAGAKISIMTY
SEFKHCWDTEFVDHQGCPFQPWDGLDEHSQDLSGRLRATILONQEN

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Human APOBEC-3F:
MKPHERNTVERMYRDTESYNEYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGOVYSQPEHHAEM
CEFLSWFCGNQLPAYKCFQITWEVSWTPCPDCVAKLAEFLAEHPNVTLTISAARLYYYWERDYRRALCR
LSQAGARVKIMDDEEFAYCWENEVYSEGOQPFMPWYKFDDNYAFLHRTLKEILRNPMEAMY PHIEYFHE
KNLRKAYGRNESWLCETMEVVKHHSPVSWKRGVEFRNQVDPETHCHAERCFLSWFCDDILS PNTNYEVT
WYTSWS PCPECAGEVAEFLARHSNVNLT ITFTARLYYFWDTDYQEGLRSLSQEGASVE IMGYKDEKYCW
ENFVYNDDEPFKPWKGLKYNFLEFLDSKLOETILE

(italic: nucleic acid editing domain)

Human APOBEC-3B:

MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGQVY FKPQY HAE
MCFLSWFCGNQLPAYKCFQITWFVSWT PCPDCVAKLAEFLSEHPNVTLTISAARLYYYWERDY RRALC
RLSQAGARVTIMDY EEFAYCWENFVYNEGQQFMPWYKFDENYAFLHRTLKEILRY LMDPDTFTFNENN
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DPLVLRRROTYLCYEVERLDNGTWVLMDOHMGEFLCNEAKNLLCGEY GRHAELRFLDLVPSLOLDPAQT
YRVIWFISWSPCFSWGCAGEVRAFLOENTHVRLRIFAARIYDYDPLY KEALOMLRDAGAQVSIMTYDE
FEYCWDTEVYRQGCPEFQPWDGLEEHSQALSGRLRAILONOQGN

(italic: nucleic acid editing domain)

Rat APOBEC-3B:
MOPQOGLGPNAGMGPVCLGCSHRRPYSPIRNPLKKLYQQTEY FHEFRKNVRY AWGRKNNELCY EVNGMDCA
LPVPLROGVFRKQGHIHAELCEIYWEFHDKVLRVLSPMEEFKVTWYMSWSPCSKCAEQVARFLAAHRNL
SLATIFSSRLYYYLRNPNYQQOKLCRLIQEGVHVAAMDLPEFKKCWNKEVDNDGOPFRPWMRLRINESEY
DCKLOETEFSRMNLLREDVEYLQFNNSHRVKPVONRYYRRKSYLCYQLERANGQEPLKGYLLY KKGEQH
VEILFLEKMRSMELSQVRITCYLTWSPCPNCARQLAAFKKDHPDLITRIYTSRLY FWRKKFQKGLCTL
WRSGIHVDVMDLPQFADCWTITNEVNPQRPFRPWNELEKNSWRIQRRLRRIKESWGL

Bovine APOBEC-3B:
DGWEVAFRSGTVLKAGVLGVSMTEGWAGSGHPGQGACVWTPGTRNTMNLLREVLFKQOFGNQPRVPAP
YYRRKTYLCYQLKQRNDLTLDRGCEFRNKKOQRHAERFIDKINSLDLNPSQSYKITICYITWSPCPNCANE
LVNFITRNNHLKLEIFASRLYFHWIKSFRKMGLODLONAGISVAVMTHTE FEDCWEQEFVDNQSRPEFQPW
DKLEQYSASTRRRLORILTAPT

Chimpanzee APOBEC-3B:
MNPQIRNPMEWMYQRTEFYYNFENEPTLYGRSYTWLCYEVKIRRGHSNLLWDTGVEFRGOMY SOQPEHHAE
MCFLSWEFCGNQLSAYRCFQITWEVSWIPCPDCVAKLAKFLAEHPNVTILTISAARTLYYYWERDYRRALC
RLSQAGARVKIMDDEEFAYCWENEVYNEGOPFMPWYKEFDDNYAFLHRTLKEITRHLMDPDTETENENN
DPLVLRRHOQTYLCYEVERLDNGTWVLMDOQHMGEFLCNEAKNLLCGEFYGRHARLRFLDLVPSLQLDPAQT
YRVIWEISWSPCESWGCAGQVRAFLOQENTHVRLRIFAARIYDYDPLYKEALOMLRDAGAQVSIMTYDE
FEYCWDTEVYRQGCPFQPWDGLEEHSQALSGRLRAILOVRASSLCMVPHRPPPPPQSPGPCLPLCSEP
PLGSLLPTGRPAPSLPFLLTASFSFPPPASTPPLPSLSLSPGHLPVPSEFHSLTSCSIQPPCSSRIRET
EGWASVSKEGRDLG

Human APOBEC-3C:
MNPQIRNPMKAMYPGTEYFQEFRKNLWEANDRNETWLCEFTVEGIKRRSVVSWKTGVEFRNQVDSETH CHAE
RCFLSWFCDDILSPNTKYQVIWYTSWSPCPDCAGEVAEFLARHSNVNLTIFTARLYYFQYPCYQEGLR
SLSQEGVAVEIMDYEDFKYCWENEVYNDNE PEKPWKGLKTNFRLLKRRLRESLQ
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Gorilla APOBEC3C
MNPQIRNPMKAMYPGTEYEFQFRKNLWEANDRNETWLCFIVEGIKRRSVVSWKTGVERNQVDSETH CHAE
RCFLSWECDDILSPNTNYQOVTWYTSWSPCPECAGEVAEFLARHSNVNLTIFTARLYYFQDTDYQEGLR

SLSQEGVAVKIMDY KDFKYCWENEVYNDDEPEFKPWKGLKYNFRELKRRLOETILE

(italic: nucleic acid editing domain)

Human APOBEC-3 A:
MEASPASGPRHLMDPHIFTSNENNGIGRHKTYLCYEVERLDNGTSVKMDOQHRGEFLHNQAKNLLCGEYG
RHAELRFLDLVPSLQLDPAQIYRVIWFISWS PCEFSWGCAGEVRAFLQENTHVRLRIFAARTYDYDPLY
KEATLOMLRDAGAQVSIMTYDEFKHCWDT FVDHQGCPFQPWDGLDEHSQALSGRLRATLONQGN

(italic: nucleic acid editing domain)

Rhesus macaque APOBEC-3 A:

MDGSPASRPRHLMDPNT FTFNFNNDLSVRGRHQTYLCYEVERLDNGTWVPMDERRGFLCNKAKNVPCG
DYGCHVELRFLCEVPSWQLDPAQTYRVTWFISWS PCFRRGCAGQVRVFLQENKHVRLRIFAARIYDYD
PLYQEALRTLRDAGAQVSIMTYEEFKHCWDTEFVDRQGRPFQPWDGLDEHSQALSGRLRATILONQGN

(italic: nucleic acid editing domain)

Bovine APOBEC-3 A:
MDEYTFTENEFNNQGWPSKTYLCYEMERLDGDATIPLDEYKGEFVRNKGLDQPEKPCHAELYFLGKIHSW
NLDRNOQHYRLTCFISWSPCYDCAQKLTTFLKENHHISLHTLASRIYTHNRFGCHQSGLCELQAAGART
TIMTFEDFKHCWET FVDHKGKP FQPWEGLNVKSQALCTELQAILKTQQN

(italic: nucleic acid editing domain)

Human APOBEC-3H:

MALLTAETFRLQFNNKRRLRRPYYPRKALLCYQLTPQONGSTPTRGY FENKKKC HAETICFINE IKSMGL
DETQCYQVTCYLTWSPCSSCAWELVDFTIKAHDHLNLGIFASRLYYHWCKPQQKGLRLLCGSQVPVEVM
GFPKFADCWENFVDHEKPLSENPYKMLEELDKNSRAIKRRLERIKIPGVRAQGRYMDILCDAEV

(italic: nucleic acid editing domain)

Rhesus macaque APOBEC-3H:

MALLTAKTFSLQFNNKRRVNKPYYPRKALLCYQLTPONGST PTRGHLKNKKKDHAETIRFINKIKSMGL
DETQCYQVTCYLTWSPCPSCAGELVDFIKAHRHLNLRIFASRLYYHWRPNYQEGLLLLCGSQVPVEVM
GLPEFTDCWENFVDHKEPPSFNPSEKLEELDKNSQATIKRRLERIKSRSVDVLENGLRSLQLGPVTPSS
SIRNSR
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Human APOBEC-3D:
MNPQIRNPMERMYRDTEFYDNEFENEPTLYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGPVLPKROQSNHR
QEVYFRFENHAEMCFLSWFCGNRL PANRRFQITWEFVSWNPCLPCVVKVTKFLAEHPNVTLTISAARLY
YYRDRDWRWVLLRLHKAGARVKIMDYEDFAYCWENFVCNEGOQPFMPWYKEFDDNYASTLHRTLKETILRNP
MEAMYPHIFYFHEKNLLKACGRNESWLCEFTMEVTKHHSAVFRKRGVFRNQVDPETHCHAERCFLSWFC
DDILSPNTNYEVTWYTSWSPCPECAGEVAE FLARHSNVNLTIFTARLCY FWDTDYQEGLCSLSQEGAS
VKIMGYKDFVSCWKNEVY SDDEPFKPWKGLQTNFRLLKRRLREILQ

(italic: nucleic acid editing domain)

Human APOBEC-1:

MTSEKGPSTGDPTLRRRIEPWEFDVEYDPRELRKEACLLYE TKWGMSRKIWRSSGKNTTNHVEVNEFIK
KEFTSERDFHPSMSCSITWEFLSWSPCWECSQATREFLSRHPGVTLVIYVARLEFWHMDQONRQGLRDLVN
SGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMMLYALELHCITLSLPPCLKISRRWONHLT
FFRLHLONCHYQTIPPHILLATGLIHPSVAWR

Mouse APOBEC-1 :

MSSETGPVAVDPTLRRRIEPHE FEVFFDPRELRKETCLLYE INWGGRHSVWRHT SONT SNHVEVNFLE
KFTTERYFRPNTRCSITWFLSWSPCGECSRAITEFLSRHPYVTLFIYIARLYHHTDORNRQGLRDLIS
SGVTIQIMTEQEYCYCWRNFVNYPPSNEAYWPRYPHLWVKLYVLELYCIILGLPPCLKILRRKQPQLT
FFTITLQTCHYQRIPPHLLWATGLK

Rat APOBEC-1 :
MSSETGPVAVDPTLRRRIEPHEFEVEFEDPRELRKETCLLYEINWGGRHSIWRHTSONTNKHVEVNE IE
KFTTERYEFCPNTRCSITWELSWSPCGECSRAITEFLSRYPHVTLEIY IARLYHHADPRNRQGLRDLIS
SGVTIQIMTEQESGYCWRNEVNYSPSNEAHWPRYPHLWVRLYVLELYCIILGLPPCLNILRRKOPOQLT
FFTIALQOSCHYQRLPPHILWATGLK

Human APOBEC-2:
MAQKEEAAVATEAASONGEDLENLDDPEKLKELTIELPPFEIVTIGERLPANEFFKEFQFRNVEY SSGRNKT
FLCYVVEAQGKGGQVQASRGYLEDEHAAAHAREAFFNTILPAFDPALRYNVTWYVSSSPCAACADRIT
KITLSKTKNLRLLILVGRLEMWEEPETQAATLKKLKEAGCKLRIMKPODEFEYVWONEFVEQEEGESKAFQP
WEDIQENFLYYEEKLADILK
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Mouse APOBEC-2:
MAQKEEAAEAAAPASONGDDLENLEDPEKLKELIDLPPFEIVTGVRLPVNFFKFQFRNVEY S SGRNKT
FLCYVVEVQSKGGQAQATQGYLEDEHAGAHAEEAFFNTILPAFDPALKYNVIWYVSSSPCARCADRIL
KTLSKIKNLRLLILVSRLFMWEEPEVQAALKKLKEAGCKLRIMKPQDFEY IWQNFVEQEEGESKAFEP
WEDIQENFLYYEEKLADILK

Rat APOBEC-2:
MAQKEEAAEAAAPASONGDDLENLEDPEKLKELIDLPPFEIVTIGVRLPVNEFKEFQEFRNVEYSSGRNKT
FLCYVVEAQSKGGQVOATQGYLEDEHAGAHAEEAFEFNTILPAFDPALKYNVIWYVSSSPCAACADRIL
KTLSKTKNLRLLILVSRLEMWEEPEVOAATLKKLKEAGCKLRIMKPODEFEYLWONEFVEQEEGESKAFEP
WEDIQENFLYYEEKLADILK

Bovine APOBEC-2:
MAQKEEAAAAARPASONGEEVENLEDPEKLKELTELPPFEIVTGERLPAHY FKEFQFRNVEYSSGRNKT
FLCYVVEAQSKGGQVOASRGYLEDEHATNHAEEAFFNSIMPTEFDPALRYMVTWYVSSSPCAACADRIV
KTLNKTKNLRLLILVGRLEMWEEPETQAATL.RKLKEAGCRLRIMKPODFEY TWONFVEQEEGESKAFEP
WEDIQENFLYYEEKLADILK

Petromyzon marinus CDA1 (pmCDAI)
MTDAEYVRIHEKLDIYTEFKKQFEFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNKPOSGTERGIHAE
IFSTIRKVEEYLRDNPGQFTINWY SSWSPCADCAEKILEWYNQELRGNGHTLKIWACKLYYEKNARNOT
GLWNLRDNGVGLNVMVSEHYQCCRKIFIQSSHNQLNENRWLEKTLKRAEKRRSELSEFMIQVKILHTTK
SPAV

Human APOBEC3G D316R D317R
MKPHFRNTVERMYRDTEFSYNEFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQVYSELKYHPEM
REFHWESKWRKLHRDOEYEVTWY ISWSPCTKCTRDMATEFLAEDPKVTLTIEVARLYYFWDPDYQEALR
SLCOKRDGPRATMKENYDEFQHCWSKEVYSQRELFEPWNNLPKYY ITLHFMLGEILRHSMDPPTEFTEN
ENNEPWVRGRHETYLCYEVERMHNDTWVLLNQRRGELCNQAPHKHGEFLEGRHAERLCFLDVIPEFWKLDL
DODYRVTC
FTSWSPCESCAQEMAKFISKKHVSLCIFTARIYRROGRCOEGLRTLAEAGAKISEFTYSEFKHCWDTEV
DHQGCPFQPWDGLDEHSQDLSGRLRATLONQEN
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Human APOBEC3G chain A
MDPPTFTEFNFNNEPWWGRHETYLCYEVERMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDV
IPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGA
KISF TYSEFKHCWDTFVDHQGCPFQPWDGLD EHSQDLSGRLRAILQ

Human APOBEC3G chain A D120R D121R
MDPPTEFTENEFNNEPWVRGRHETYLCYEVERMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLD
VIPFWKLDLDODYRVTCEFTSWSPCESCAQEMAKFISKNKHVSLCIFTARTIYRROQGRCOQEGLRTLAEAG
AKISFMTYSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRATLO

The term "deaminase" or "deaminase domain" refers to a protein or fragment thereof
that catalyzes a deamination reaction.

“Detect” refers to identifying the presence, absence or amount of the analyte to be
detected. In one embodiment, a sequence alteration in a polynucleotide or polypeptide is
detected. In another embodiment, the presence of indels is detected.

By "detectable label" is meant a composition that when linked to a molecule of
interest renders the latter detectable, via spectroscopic, photochemical, biochemical,
immunochemical, or chemical means. For example, useful labels include radioactive
isotopes, magnetic beads, metallic beads, colloidal particles, fluorescent dyes, electron-dense
reagents, enzymes (for example, as commonly used in an ELISA), biotin, digoxigenin, or
haptens.

By "fragment" is meant a portion of a polypeptide or nucleic acid molecule. This
portion contains, at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the
entire length of the reference nucleic acid molecule or polypeptide. A fragment may contain
10, 20, 30, 40, 50, 60, 70, 80, 90, or 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000
nucleotides or amino acids.

"Hybridization" means hydrogen bonding, which may be Watson-Crick, Hoogsteen or
reversed Hoogsteen hydrogen bonding, between complementary nucleobases. For example,
adenine and thymine are complementary nucleobases that pair through the formation of
hydrogen bonds.

The term "inhibitor of base repair" or "IBR" refers to a protein that is capable in
inhibiting the activity of a nucleic acid repair enzyme, for example a base excision repair
enzyme. In some embodiments, the IBR is an inhibitor of inosine base excision repair.
Exemplary inhibitors of base repair include inhibitors of APE1, Endo IIL, Endo IV, Endo V,
Endo VIII, Fpg, hOGGl, hNEILIL, T7 Endol, TAPDG, UDG, hSMUGI, and hAAG. In some
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embodiments, the IBR is an inhibitor of Endo V or hAAG. In some embodiments, the IBR is
a catalytically inactive EndoV or a catalytically inactive hAAG.

The terms "isolated," "purified," or "biologically pure" refer to material that is free to
varying degrees from components which normally accompany it as found in its native state.
"Isolate" denotes a degree of separation from original source or surroundings. "Purify"
denotes a degree of separation that is higher than isolation. A "purified" or "biologically
pure" protein is sufficiently free of other materials such that any impurities do not materially
affect the biological properties of the protein or cause other adverse consequences. That is, a
nucleic acid or peptide of this invention is purified if it is substantially free of cellular
material, viral material, or culture medium when produced by recombinant DNA techniques,
or chemical precursors or other chemicals when chemically synthesized. Purity and
homogeneity are typically determined using analytical chemistry techniques, for example,
polyacrylamide gel electrophoresis or high performance liquid chromatography. The term
"purified" can denote that a nucleic acid or protein gives rise to essentially one band in an
electrophoretic gel. For a protein that can be subjected to modifications, for example,
phosphorylation or glycosylation, different modifications may give rise to different isolated
proteins, which can be separately purified.

By "isolated polynucleotide" is meant a nucleic acid (e.g., a DNA) that is free of the
genes which, in the naturally-occurring genome of the organism from which the nucleic acid
molecule of the invention is derived, flank the gene. The term therefore includes, for
example, a recombinant DNA that is incorporated into a vector; into an autonomously
replicating plasmid or virus; or into the genomic DNA of a prokaryote or eukaryote; or that
exists as a separate molecule (for example, a cDNA or a genomic or cDNA fragment
produced by PCR or restriction endonuclease digestion) independent of other sequences. In
addition, the term includes an RNA molecule that is transcribed from a DNA molecule, as
well as a recombinant DNA that is part of a hybrid gene encoding additional polypeptide
sequence.

By an "isolated polypeptide" is meant a polypeptide of the invention that has been
separated from components that naturally accompany it. Typically, the polypeptide is
isolated when it is at least 60%, by weight, free from the proteins and naturally-occurring
organic molecules with which it is naturally associated. Preferably, the preparation is at least
75%, more preferably at least 90%, and most preferably at 1east 99%, by weight, a
polypeptide of the invention. An isolated polypeptide of the invention may be obtained, for

example, by extraction from a natural source, by expression of a recombinant nucleic acid
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encoding such a polypeptide; or by chemically synthesizing the protein. Purity can be
measured by any appropriate method, for example, column chromatography, polyacrylamide
gel electrophoresis, or by HPLC analysis.

The term "linker," as used herein, refers to a bond (e.g., covalent bond), chemical
group, or a molecule linking two molecules or moieties, e.g., two domains of a fusion protein.
In some embodiments, a linker joins a gRNA binding domain of an RNA-programmable
nuclease, including a Cas9 nuclease domain, and the catalytic domain of a nucleic-acid
editing protein (e.g., cytidine or adenosine deaminase). In some embodiments, a linker joins a
dCas9 and a nucleic-acid editing protein. Typically, the linker is positioned between, or
flanked by, two groups, molecules, or other moieties and connected to each one via a
covalent bond, thus connecting the two. In some embodiments, the linker is an amino acid or
a plurality of amino acids (e.g., a peptide or protein). In some embodiments, the linker is an
organic molecule, group, polymer, or chemical moiety. In some embodiments, the linker is 5-
200 amino acids in length, for example, 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
25, 35, 45, 50, 55, 60, 60, 65, 70, 70, 75, 80, 85, 90, 90, 95, 100, 101, 102, 103, 104, 105,
110, 120, 130, 140, 150, 160, 175, 180, 190, or 200 amino acids in length. Longer or shorter
linkers are also contemplated. In some embodiments, a linker comprises the amino acid
sequence SGSETPGTSESATPES, which may also be referred to as the XTEN linker. In
some embodiments, a linker comprises the amino acid sequence SGGS. In some
embodiments, a linker comprises (SGGS), (GGGS)n, (GGGGS) 1, (G)n, (EAAAK),, (GGS)n,
SGSETPGTSESATPES, or (XP). motif, or a combination of any of these, wherein n is
independently an integer between 1 and 30, and wherein X is any amino acid. In some
embodiments, nis 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13, 14, or 15.

In some embodiments, the domains of the nucleobase editor are fused via a linker that
comprises the amino acid sequence of SGGSSGSETPGTSESATPESSGGS,
SGGSSGGSSGSETPGTSESATPESSGGSSGGS, or
GGSGGSPGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTE
PSEGSAPGTSTEPSEGSAPGTSESATPESGPGSEPATSGGSGGS. In some embodiments,
domains of the nucleobase editor are fused via a linker comprising the amino acid sequence
SGSETPGTSESATPES, which may also be referred to as the XTEN linker. In some
embodiments, the linker is 24 amino acids in length. In some embodiments, the linker
comprises the amino acid sequence SGGSSGGSSGSETPGTSESATPES. In some
embodiments, the linker is 40 amino acids in length. In some embodiments, the linker

comprises the amino acid sequence
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SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGS. In some embodiments, the
linker is 64 amino acids in length. In some embodiments, the linker comprises the amino acid
sequence
SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGSSGSETPGTSESATPESSGGS
SGGS. In some embodiments, the linker is 92 amino acids in length. In some embodiments,
the linker comprises the amino acid sequence
PGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTEPSEGSAP
GTSTEPSEGSAPGTSESATPESGPGSEPATS.

The term “mutation,” as used herein, refers to a substitution of a residue within a
sequence, e.g., a nucleic acid or amino acid sequence, with another residue, or a deletion or
insertion of one or more residues within a sequence. Mutations are typically described herein
by identifying the original residue followed by the position of the residue within the sequence
and by the identity of the newly substituted residue. Various methods for making the amino
acid substitutions (mutations) provided herein are well known in the art, and are provided by,
for example, Green and Sambrook, Molecular Cloning: A Laboratory Manual (4™ ed., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)).

The terms “nucleic acid” and “nucleic acid molecule,” as used herein, refer to a
compound comprising a nucleobase and an acidic moiety, e.g., a nucleoside, a nucleotide, or
a polymer of nucleotides. Typically, polymeric nucleic acids, e.g., nucleic acid molecules
comprising three or more nucleotides are linear molecules, in which adjacent nucleotides are
linked to each other via a phosphodiester linkage. In some embodiments, “nucleic acid”
refers to individual nucleic acid residues (e.g. nucleotides and/or nucleosides). In some
embodiments, “nucleic acid” refers to an oligonucleotide chain comprising three or more
individual nucleotide residues. As used herein, the terms “oligonucleotide” and
“polynucleotide” can be used interchangeably to refer to a polymer of nucleotides (e.g., a
string of at least three nucleotides). In some embodiments, “nucleic acid” encompasses RNA
as well as single and/or double-stranded DNA. Nucleic acids may be naturally occurring, for
example, in the context of a genome, a transcript, an mRNA, tRNA, rRNA, siRNA, snRNA,
a plasmid, cosmid, chromosome, chromatid, or other naturally occurring nucleic acid
molecule. On the other hand, a nucleic acid molecule may be a non-naturally occurring
molecule, e.g., a recombinant DNA or RNA, an artificial chromosome, an engineered
genome, or fragment thereof, or a synthetic DNA, RNA, DNA/RNA hybrid, or including
non-naturally occurring nucleotides or nucleosides. Furthermore, the terms “nucleic acid,”

“DNA,” “RNA,” and/or similar terms include nucleic acid analogs, e.g., analogs having other
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than a phosphodiester backbone. Nucleic acids can be purified from natural sources,
produced using recombinant expression systems and optionally purified, chemically
synthesized, efc. Where appropriate, e.g., in the case of chemically synthesized molecules,
nucleic acids can comprise nucleoside analogs such as analogs having chemically modified
bases or sugars, and backbone modifications. A nucleic acid sequence is presented in the 5'
to 3’ direction unless otherwise indicated. In some embodiments, a nucleic acid is or
comprises natural nucleosides (e.g. adenosine, thymidine, guanosine, cytidine, uridine,
deoxyadenosine, deoxythymidine, deoxyguanosine, and deoxycytidine); nucleoside analogs
(e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyrrolo-pyrimidine, 3-methyl adenosine,
S-methylcytidine, 2-aminoadenosine, C5-bromouridine, C5-fluorouridine, C5-iodouridine,
CS-propynyl-uridine, C5-propynyl-cytidine, C5-methylcytidine, 2-aminoadenosine, 7-
deazaadenosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanosine, O(6)-methylguanine,
and 2-thiocytidine); chemically modified bases; biologically modified bases (e.g., methylated
bases); intercalated bases; modified sugars ( 2'-e.g..fluororibose, ribose, 2'-deoxyribose,
arabinose, and hexose); and/or modified phosphate groups (e.g., phosphorothioates and 5'-N-
phosphoramidite linkages).

PR3

The term “nuclear localization sequence,” “nuclear localization signal,” or “NLS”
refers to an amino acid sequence that promotes import of a protein into the cell nucleus.
Nuclear localization sequences are known in the art and described, for example, in Plank ez
al., International PCT application, PCT/EP2000/011690, filed November 23, 2000, published
as WO/2001/038547 on May 31, 2001, the contents of which are incorporated herein by
reference for their disclosure of exemplary nuclear localization sequences. In other
embodiments, the NLS is an optimized NLS described, for example, by Koblan et al ., Nature
Biotech. 2018 doi:10.1038/nbt.4172. In some embodiments, an NLS comprises the amino
acid sequence KRTADGSEFESPKKKRKYV, KRPAATKKAGQAKKKK,
KKTELQTTNAENKTKKL, KRGINDRNFWRGENGRKTR, RKSGKIAAIVVKRPRK,
PKKKRKY, or MDSLLMNRRKFLYQFKNVRWAKGRRETYLC.

The disclosure provides nucleic acid programable nucleic-acid (e.g., DNA or RNA)
binding proteins. The nucleic acid programable nucleic-acid binding protein can be, for
example, "nucleic acid programmable DNA binding protein" or "napDNAbp". The term
"nucleic acid programmable DNA binding protein" or "napDNAbp" refers to a protein that
associates with a nucleic acid (e.g., DNA or RNA), such as a guide nucleic acid, that guides
the napDNADbp to a specific nucleic acid sequence. For example, a Cas9 protein can associate

with a guide RNA that guides the Cas9 protein to a specific DNA sequence that is
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complementary to the guide RNA. In some embodiments, the napDNAbp is a Cas9 domain,
for example a nuclease active Cas9, a Cas9 nickase (nCas9), or a nuclease inactive Cas9
(dCas9). Examples of nucleic acid programmable DNA binding proteins include, without
limitation, Cas9 (e.g., dCas9 and nCas9), CasX, CasY, Cpfl, Cas12b/C2c1, and Cas12¢c/C2c3.
Other nucleic acid programmable DNA binding proteins are also within the scope of this
disclosure, although they may not be specifically listed in this disclosure.

As used herein, “obtaining” as in “obtaining an agent” includes synthesizing,
purchasing, or otherwise acquiring the agent.

The term "RNA-programmable nuclease," and "RNA-guided nuclease" are used with
(e.g., binds or associates with) one or more RNA(s) that is not a target for cleavage. In some
embodiments, an RNA-programmable nuclease, when in a complex with an RNA, may be
referred to as a nuclease:RNA complex. Typically, the bound RNA(s) is referred to as a guide
RNA (gRNA). gRNAs can exist as a complex of two or more RNAs, or as a single RNA
molecule. gRNAs that exist as a single RNA molecule may be referred to as single-guide
RNAs (sgRNAs), though "gRNA" is used interchangeably to refer to guide RNAs that exist
as either single molecules or as a complex of two or more molecules. Typically, gRNAs that
exist as single RNA species comprise two domains: (1) a domain that shares homology to a
target nucleic acid (e.g., and directs binding of a Cas9 complex to the target); and (2) a
domain that binds a Cas9 protein. In some embodiments, domain (2) corresponds to a
sequence known as a tractRNA, and comprises a stem-loop structure. For example, in some
embodiments, domain (2) is identical or homologous to a tractrRNA as provided in Jinek et
ah, Science 337:816-821(2012), the entire contents of which is incorporated herein by
reference. Other examples of gRNAs (e.g., those including domain 2) can be found in U.S.
Provisional Patent Application, U.S.S.N. 61/874,682, filed September 6, 2013, entitled
"Switchable Cas9 Nucleases And Uses Thereof," and U.S. Provisional Patent Application,
U.S.SN. 61/874,746, filed September 6, 2013, entitled "Delivery System For Functional
Nucleases," the entire contents of each are hereby incorporated by reference in their entirety.
In some embodiments, a gRNA comprises two or more of domains (1) and (2), and may be
referred to as an "extended gRNA." For example, an extended gRNA will, e.g., bind two or
more Cas9 proteins and bind a target nucleic acid at two or more distinct regions, as
described herein. The gRNA comprises a nucleotide sequence that complements a target site,
which mediates binding of the nuclease/RNA complex to said target site, providing the
sequence specificity of the nuclease:RNA complex. In some embodiments, the RNA-

programmable nuclease is the (CRIS PR-associated system) Cas9 endonuclease, for example,
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Cas9 (Csnl) from Streptococcus pyogenes (see, e.g., "Complete genome sequence of an Ml
strain of Streptococcus pyogenes." Ferretti J.J., McShan W.M., Ajdic D .J., Savic D.J., Savic
G, Lyon K., Primeaux C, Sezate S., Suvorov A N., Kenton S, Lai HS. Lin SP., Qian Y,
JiaH.G, Najar F.Z., Ren Q., Zhu H., Song L., White J., Yuan X, Clifton SW., Roe B.A,
McLaughlin R E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-4663(2001); "CRISPR RNA
maturation by trans-encoded small RNA and host factor RNase II1." Deltcheva E., Chylinski
K., Sharma CM., Gonzales K., Chao Y., Pirzada Z A., Eckert M.R., Vogel J., Charpentier E.,
Nature 471:602-607(2011).

The term "recombinant" as used herein in the context of proteins or nucleic acids
refers to proteins or nucleic acids that do not occur in nature, but are the product of human
engineering. For example, in some embodiments, a recombinant protein or nucleic acid
molecule comprises an amino acid or nucleotide sequence that comprises at least one, at least
two, at least three, at least four, at least five, at least six, or at least seven mutations as
compared to any naturally occurring sequence.

By “reduces” is meant a negative alteration of at least 10%, 25%, 50%, 75%, or
100%.

By “reference” is meant a standard or control condition.

A "reference sequence" is a defined sequence used as a basis for sequence
comparison. A reference sequence may be a subset of or the entirety of a specified sequence;
for example, a segment of a full-length cDNA or gene sequence, or the complete cDNA or
gene sequence. For polypeptides, the length of the reference polypeptide sequence will
generally be at least about 16 amino acids, at least about 20 amino acids, more at least about
25 amino acids, and even more preferably about 35 amino acids, about 50 amino acids, or
about 100 amino acids. For nucleic acids, the length of the reference nucleic acid sequence
will generally be at least about 50 nucleotides, at least about 60 nucleotides, at least about 75
nucleotides, and about 100 nucleotides or about 300 nucleotides or any integer thereabout or
therebetween.

By "specifically binds" is meant a nucleic acid molecule, polypeptide, or complex
thereof (e.g., a nucleic acid programmable DNA binding domain and guide nucleic acid),
compound, or molecule that recognizes and binds a polypeptide and/or nucleic acid molecule
of the invention, but which does not substantially recognize and bind other molecules in a
sample, for example, a biological sample.

Nucleic acid molecules useful in the methods of the invention include any nucleic

acid molecule that encodes a polypeptide of the invention or a fragment thereof. Such
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nucleic acid molecules need not be 100% identical with an endogenous nucleic acid
sequence, but will typically exhibit substantial identity. Polynucleotides having “substantial
identity” to an endogenous sequence are typically capable of hybridizing with at least one
strand of a double-stranded nucleic acid molecule. Nucleic acid molecules useful in the
methods of the invention include any nucleic acid molecule that encodes a polypeptide of the
invention or a fragment thereof. Such nucleic acid molecules need not be 100% identical
with an endogenous nucleic acid sequence, but will typically exhibit substantial identity.
Polynucleotides having “substantial identity” to an endogenous sequence are typically
capable of hybridizing with at least one strand of a double-stranded nucleic acid molecule.
By "hybridize" is meant pair to form a double-stranded molecule between complementary
polynucleotide sequences (e.g., a gene described herein), or portions thereof, under various
conditions of stringency. (See, e.g., Wahl, G. M. and S. L. Berger (1987) Methods Enzymol.
152:399; Kimmel, A. R. (1987) Methods Enzymol. 152:507).

For example, stringent salt concentration will ordinarily be less than about 750 mM
NaCl and 75 mM trisodium citrate, preferably less than about 500 mM NaCl and 50 mM
trisodium citrate, and more preferably less than about 250 mM NaCl and 25 mM trisodium
citrate. Low stringency hybridization can be obtained in the absence of organic solvent, e.g.,
formamide, while high stringency hybridization can be obtained in the presence of at least
about 35% formamide, and more preferably at least about 50% formamide. Stringent
temperature conditions will ordinarily include temperatures of at least about 30° C, more
preferably of at least about 37° C, and most preferably of at least about 42° C. Varying
additional parameters, such as hybridization time, the concentration of detergent, e.g., sodium
dodecyl sulfate (SDS), and the inclusion or exclusion of carrier DNA, are well known to
those skilled in the art. Various levels of stringency are accomplished by combining these
various conditions as needed. In a one: embodiment, hybridization will occur at 30° C in 750
mM NaCl, 75 mM trisodium citrate, and 1% SDS. In another embodiment, hybridization will
occur at 37° C in 500 mM NaCl, 50 mM trisodium citrate, 1% SDS, 35% formamide, and
100 .mu.g/ml denatured salmon sperm DNA (ssDNA). In another embodiment, hybridization
will occur at 42° C in 250 mM NaCl, 25 mM trisodium citrate, 1% SDS, 50% formamide,
and 200 pug/ml ssDNA. Useful variations on these conditions will be readily apparent to
those skilled in the art.

For most applications, washing steps that follow hybridization will also vary in
stringency. Wash stringency conditions can be defined by salt concentration and by

temperature. As above, wash stringency can be increased by decreasing salt concentration or
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by increasing temperature. For example, stringent salt concentration for the wash steps will
preferably be less than about 30 mM NaCl and 3 mM trisodium citrate, and most preferably
less than about 15 mM NaCl and 1.5 mM trisodium citrate. Stringent temperature conditions
for the wash steps will ordinarily include a temperature of at least about 25° C, more
preferably of at least about 42° C, and even more preferably of at least about 68° C. In an
embodiment, wash steps will occur at 25° C in 30 mM NaCl, 3 mM trisodium citrate, and
0.1% SDS. In a more preferred embodiment, wash steps will occur at 42 C in 15 mM NacCl,
1.5 mM trisodium citrate, and 0.1% SDS. In a more preferred embodiment, wash steps will
occur at 68° C in 15 mM NaCl, 1.5 mM trisodium citrate, and 0.1% SDS. Additional
variations on these conditions will be readily apparent to those skilled in the art.
Hybridization techniques are well known to those skilled in the art and are described, for
example, in Benton and Davis (Science 196:180, 1977); Grunstein and Hogness (Proc. Natl.
Acad. Sci., USA 72:3961, 1975); Ausubel et al. (Current Protocols in Molecular Biology,
Wiley Interscience, New York, 2001); Berger and Kimmel (Guide to Molecular Cloning
Techniques, 1987, Academic Press, New York); and Sambrook et al., Molecular Cloning: A
Laboratory Manual, Cold Spring Harbor Laboratory Press, New York.

By "substantially identical" is meant a polypeptide or nucleic acid molecule
exhibiting at least 50% identity to a reference amino acid sequence (for example, any one of
the amino acid sequences described herein) or nucleic acid sequence (for example, any one of
the nucleic acid sequences described herein). In one embodiment, such a sequence is at least
60%, 80% or 85%, 90%, 95% or even 99% identical at the amino acid level or nucleic acid to
the sequence used for comparison.

Sequence identity is typically measured using sequence analysis software (for
example, Sequence Analysis Software Package of the Genetics Computer Group, University
of Wisconsin Biotechnology Center, 1710 University Avenue, Madison, Wis. 53705,
BLAST, BESTFIT, GAP, or PILEUP/PRETTYBOX programs). Such software matches
identical or similar sequences by assigning degrees of homology to various substitutions,
deletions, and/or other modifications. Conservative substitutions typically include
substitutions within the following groups: glycine, alanine; valine, isoleucine, leucine;
aspartic acid, glutamic acid, asparagine, glutamine; serine, threonine; lysine, arginine; and
phenylalanine, tyrosine. In an exemplary approach to determining the degree of identity, a
BLAST program may be used, with a probability score between e and €% indicating a

closely related sequence.
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By "subject" is meant a mammal, including, but not limited to, a human or non-
human mammal, such as a bovine, equine, canine, ovine, or feline. Subjects include
livestock, domesticated animals raised to produce labor and to provide commodities, such as
food, including without limitation, cattle, goats, chickens, horses, pigs, rabbits, and sheep.

The term "target site" refers to a sequence within a nucleic acid molecule that is
modified by a nucleobase editor. In one embodiment, the target site is deaminated by a
deaminase or a fusion protein comprising a deaminase (e.g., cytidine or adenine deaminase).

Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA hybridization to
target DNA cleavage sites, these proteins are able to be targeted, in principle, to any sequence
specified by the guide RNA. Methods of using RNA-programmable nucleases, such as Cas9,
for site-specific cleavage (e.g., to modify a genome) are known in the art (see e.g., Cong, L.
et ah, Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-823
(2013); Mali, P. et ah, RNA-guided human genome engineering via Cas9. Science 339, 823-
826 (2013); Hwang, W.Y. et ah, Efficient genome editing in zebrafish using a CRISPR-Cas
system. Nature biotechnology 31, 227-229 (2013); Jinek, M. et ah, RNA-programmed
genome editing in human cells. eLife 2, e00471 (2013); Dicarlo, J.E. et ah, Genome
engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic acids research
(2013); Jiang, W. et ah RNA-guided editing of bacterial genomes using CRISPR-Cas
systems. Nature biotechnology 31, 233-239 (2013); the entire contents of each of which are
incorporated herein by reference).

Ranges provided herein are understood to be shorthand for all of the values within the
range. For example, a range of 1 to 50 is understood to include any number, combination of
numbers, or sub-range from the group consisting 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, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41,42, 43, 44, 45, 46, 47, 48, 49, or 50.

Unless specifically stated or obvious from context, as used herein, the term "or" is
understood to be inclusive. Unless specifically stated or obvious from context, as used
herein, the terms "a", "an", and "the" are understood to be singular or plural.

Unless specifically stated or obvious from context, as used herein, the term “about” is
understood as within a range of normal tolerance in the art, for example within 2 standard
deviations of the mean. About can be understood as within 10%, 9%, 8%, 7%, 6%, 5%, 4%,
3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value. Unless otherwise clear from

context, all numerical values provided herein are modified by the term about.
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The recitation of a listing of chemical groups in any definition of a variable herein
includes definitions of that variable as any single group or combination of listed groups. The
recitation of an embodiment for a variable or aspect herein includes that embodiment as any
single embodiment or in combination with any other embodiments or portions thereof.

Any compositions or methods provided herein can be combined with one or more of

any of the other compositions and methods provided herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a model of an adenosine nucleobase editor and provides in part a
structural basis for bystander mutagenesis.

FIG. 2 is a model depicting prediction of the location of target DNA for base editing.

FIG. 3 depicts a model showing positions of a deaminase domain in proximity to the
locations of target DNA in FIG. 2.

FIG. 4 is a model of an adenosine nucleobase editor depicting regions identified
where one or more deaminase domains may be inserted into Cas9. Loops (yellow) that are in
proximity to where a deaminase domain may target single stranded DNA (magenta). Regions
of interest include those marked A, B, C, D, E, F, G, and H.

FIG. 5 is a magnified view of the model in FIG. 4, showing residues in regions B, C,
D,E, and F.

FIG. 6 is a magnified view of the model in FIG. 4, showing residues in regions F, G,
and H.

FIG. 7 is a magnified view of the model in FIG. 4, showing residues in regions A, B,
C,D,and E.

FIG. 8 depicts a high-throughput in vitro deamination assay. Spurious deamination of
the probe can be distinguished from on-target deamination by comparing reactions containing
nucleobase editor with an on-target probe containing a substrate for the base editor and a
reaction in the absence of the base editor containing a probe for detecting off-target
deamination.

FIG. 9 is a graph depicting results of a fluorescence assay for off-target deamination.

FIG. 10 is a graph depicting a comparison of adenosine base editor (ABE) v. an ABE
system with TadA in trans.

FIG. 11 depicts potential substrates for spurious off-target base editing.

FIG. 12 depicts an assay to evaluate the activities of deaminases in cis and in trans.

FIG. 13 is a graph depicting the activities of rAPOBECI in the in cis-in trans assay.
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FIG. 14 is a graph depicting the activities of TadA-TadA7.10 in the in cis-in trans
assay.

FIG. 15 depicts that lower in trans activity was observed for TadA-TadA7.10 in base
editor context (in trans ABE).

FIG. 16 is a graph depicting the results of dose-response for expression of GFP.
Titration of pmaxGFP plasmid with empty vector resulted in decreased expression level of
GFP.

FIG. 17 1s a graph depicting dose-response for in-cis and in-frans activities of
adenosine nucleobase editor ABE.

FIG. 18 is a graph depicting dose-response for in-cis and in-frans activities of cytidine
nucleobase editor BE4.

FIG. 19 is a graph showing the results of screening of deaminases for reduced
spurious deamination. The deaminases ppAPOBEC-2 (10), mAPOBEC-2 (8), mAPOBEC-
3(12), and mfAPOBEC-4 (22) showed high in cis/in trans activity.

FIGs. 20A-Q depict base editing activity of the editors exmined. FIG. 20A is a
schematic of ABE7.10, with TadA fused to Cas9 by an XTEN linker. FIG. 20B-Q show base
editing activity of exemplary internal fusion base editors in percentage A to G deamination
on the targeting strand within the range of the R-loop with target sequences
GAACACAAAGCATAGACTGC (HEK2) and GGACAGCTTTTCCTAGACAG (T39).
FIG. 20B, editing activity of ABE7.10. FIG. 20C, editing activity of ISLAY008. FIG. 20D,
editing activity of ISLAYO003. FIG. 20E, editing activity of ISLAY002. FIG. 20F, editing
activity of ISLAYO007. FIG. 20G, editing activity of ISLAYO001. FIG. 20H, editing activity of
ISLAYO00S. FIG. 201, editing activity of ISLAYO006. FIG. 20J, editing activity of ISLAY004.
FIG. 20K, editing activity of ISLAYO021. FIG. 20L, editing activity of ISLAYO031. FIG. 20M,
editing activity of ISLAY020. FIG. 20N, editing activity of ISLAY036.FIG. 200, editing
activity of ISLAY035. FIG. 20P, editing activity of ISLAY028. FIG. 20Q), editing activity of
ISLAY009.

FIGs. 21A-B show schematics of exemplary base editors. FIG. 21A shows a
schematic of exemplary base editor ABE7.10 and exemplary base editors (IBE002, IBE004,
IBE0O5, IBE006, IBE008, IBE009, and IBE020). FIG. 21B shows a spatial cartoon
representation of the above base editors, showing the location of deaminase insertion.

FIGs. 22A — D depict base editing efficiency of exemplary internal fusion base editors
compared to ABE7.10 at 29 different genomic targets. FIG. 22A shows editing efficiency is
normalized to ABE7.10 editing at the best position. FIG. 22B shows max editing efficiency
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of IBEs summarized and compared to ABE7.10. FIG. 22C shows a Gaussian smoothened
representation of the peak editing position for each base editor. FIG. 22D shows a heatmap of
normalized editing from the 29 tested targets.

FIG. 23 depicts spurious deamination measured by trans editing assay as 29 different
targets normalized to ABE7.10 at each site.

FIGs. 24A-F show the percent editing of A-base editors at 6 genomic loci: HEK4
(FIG. 24A), FANCF (FIG. 24B), HEK-3 (FIG. 24C), HEK2-YY (FIG. 24D), EMX1 (FIG.
24E), HEK?2 (FI1G. 24F). X-axis: nucleobase positions with 1 being furthest from the PAM
and 20 being PAM proximal (PAM being positions 21-23). Y axis: percentage of A to G
editing measured by Illumina sequencing.

FIGs. 25A-F Percent editing of C-base editors at 6 genomic loci: HEK4 (FIG. 25A),
FANCEF (FIG. 25B), HEK-3 (FIG. 25C), HEK2-YY (FIG. 25D), EMXI1 (FIG. 25E), HEK2
(FIG. 25F). X-axis: nucleobase positions with 1 being furthest from the PAM and 20 being
PAM proximal (PAM being positions 21-23). Y axis: percentage of A to G editing measured

by Illumina sequencing.

DETAILED DESCRIPTION OF THE INVENTION
As described below, the present invention features base editors having reduced non-
target deamination, methods of using the base editors, and assays for characterizing base
editors as having decreased non-target deamination, e.g. compared to programmed, on-target

deamination.

Adenosine deaminases

In some embodiments, the nucleobase editors of the invention comprise an adenosine
deaminase domain. In some embodiments, the adenosine deaminases provided herein are
capable of deaminating adenine. In some embodiments, the adenosine deaminases provided
herein are capable of deaminating adenine in a deoxyadenosine residue of DNA. The
adenosine deaminase may be derived from any suitable organism (e.g., E. coli). In some
embodiments, the adenine deaminase is a naturally-occurring adenosine deaminase that
includes one or more mutations corresponding to any of the mutations provided herein (e.g.,
mutations in ecTadA). One of skill in the art will be able to identify the corresponding
residue in any homologous protein, e.g., by sequence alignment and determination of
homologous residues. Accordingly, one of skill in the art would be able to generate mutations

in any naturally-occurring adenosine deaminase (e.g., having homology to ecTadA) that
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corresponds to any of the mutations described herein, e.g., any of the mutations identified in
ecTadA. In some embodiments, the adenosine deaminase is from a prokaryote. In some
embodiments, the adenosine deaminase is from a bacterium. In some embodiments, the
adenosine deaminase is from Escherichia coli, Staphylococcus aureus, Salmonella typhi,
Shewanella putrefaciens, Haemophilus influenzae, Caulobacter crescentus, or Bacillus
subtilis. In some embodiments, the adenosine deaminase is from £. coli.

In one embodiment, a fusion protein of the invention comprises a wild-type TadA is
linked to TadA7.10, which is linked to Cas9 nickase. In particular embodiments, the fusion
proteins comprise a single TadA7.10 domain (e.g., provided as a monomer). In other
embodiments, the ABE7.10 editor comprises TadA7.10 and Tad A(wt), which are capable of

forming heterodimers. The relevant sequences follow:

TadA(wt):

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAEIM
ALRQGGLVMQNYRLIDATLY VITLEPCVMCAGAMIHSRIGRVVFGARDAKTGAAGSLMDVL
HHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

TadA7.10:

SEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMA
LRQGGLVMQNYRLIDATLYVIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH
YPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

In some embodiments, the adenosine deaminase comprises an amino acid sequence
that is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at
least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least
99.5% identical to any one of the amino acid sequences set forth in any of the adenosine
deaminases provided herein. It should be appreciated that adenosine deaminases provided
herein may include one or more mutations (e.g., any of the mutations provided herein). The
disclosure provides any deaminase domains with a certain percent identiy plus any of the
mutations or combinations thereof described herein. In some embodiments, the adenosine
deaminase comprises an amino acid sequence that has 1,2, 3,4,5,6,7,8,9,10, 11, 12, 13,
14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 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 mutations compared to a reference
sequence, or any of the adenosine deaminases provided herein. In some embodiments, the

adenosine deaminase comprises an amino acid sequence that has at least 5, at least 10, at least
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15, at least 20, at least 25, at least 30, at least 35, at least 40, at least 45, at least S0, at least
60, at least 70, at least 80, at least 90, at least 100, at least 110, at least 120, at least 130, at
least 140, at least 150, at least 160, or at least 170 identical contiguous amino acid residues as
compared to any one of the amino acid sequences known in the art or described herein.

In some embodiments, the adenosine deaminase comprises a D108X mutation in the
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a D108G,
D108N, D108V, D108A, or D108Y mutation in TadA reference sequence, or a corresponding
mutation in another adenosine deaminase. It should be appreciated, however, that additional
deaminases may similarly be aligned to identify homologous amino acid residues that can be
mutated as provided herein.

In some embodiments, the adenosine deaminase comprises an A106X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A106V
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises a E155X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where the presence of X indicates any amino acid other than the corresponding amino acid in
the wild-type adenosine deaminase. In some embodiments, the adenosine deaminase
comprises a E155D, E155@, or E155V mutation in TadA reference sequence, or a
corresponding mutation in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises a D147X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where the presence of X indicates any amino acid other than the corresponding amino acid in
the wild-type adenosine deaminase. In some embodiments, the adenosine deaminase
comprises a D147Y, mutation in TadA reference sequence, or a corresponding mutation in
another adenosine deaminase.

It should be appreciated that any of the mutations provided herein (e.g., based on the
ecTadA amino acid sequence of TadA reference sequence) may be introduced into other
adenosine deaminases, such as S. aureus TadA (saTadA), or other adenosine deaminases

(e.g., bacterial adenosine deaminases). It would be apparent to the skilled artisan how to are
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homologous to the mutated residues in ecTadA. Thus, any of the mutations identified in
ecTadA may be made in other adenosine deaminases that have homologous amino acid
residues. It should also be appreciated that any of the mutations provided herein may be made
individually or in any combination in ecTadA or another adenosine deaminase. For example,
an adenosine deaminase may contain a D108N, a A106V, a E155V, and/or a D147Y
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase. In some embodiments, an adenosine deaminase comprises the following group of
mutations (groups of mutations are separated by a ";") in TadA reference sequence, or
corresponding mutations in another adenosine deaminase: D108N and A106V; D108N and
E155V; D108N and D147Y; A106V and E155V; A106V and D147Y; E155V and D147Y;
D108N, A106V, and ES5V; D108N, A106V, and D147Y; D108N, E55V, and D147Y;
A106V, E55V, and D 147Y; and D108N, A106V, E55V, and D147Y. It should be
appreciated, however, that any combination of corresponding mutations provided herein may
be made in an adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a H8X,
T17X, L18X, W23X, L34X, W45X, R51X, A56X, E59X, E85X, Mo4X, 195X, V102X,
F104X, A106X, R107X, D108X, K1 10X, M118X, N127X, A138X, F149X, M151X, R153X,
Q154X 1156X, and/or K157X mutation in TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase, where the presence of X indicates
any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of H8Y,
T17S, L18E, W23L, L34S, W45L, R51H, A56E, or A56S, ES9G, E85K, or E85G, M94L,
1951, V102A, F104L, A106V, R107C, or R107H, or R107P, D108G, or D108N, or D108V,
or D108A, or D108Y, K1 101, Ml 18K, N127S, A138V, F149Y, M151V, R153C, Q154L,
I156D, and/or K157R mutation in TadA reference sequence, or one or more corresponding
mutations in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one or more of H8X,
D108X, and/or N127X mutation in TadA reference sequence, or one or more corresponding
mutations in another adenosine deaminase, where X indicates the presence of any amino acid.
In some embodiments, the adenosine deaminase comprises one or more of a H8Y, D108N,
and/or N127S mutation in TadA reference sequence, or one or more corresponding mutations
in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one or more of H8X,

R26X, M61X, L68X, M70X, A106X, D108X, A109X, N127X, D147X, R152X, Q154X,
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E155X, K161X, Q163X, and/or T166X mutation in TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase, where X indicates the presence of
any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of H8Y,
R26W, M611, L68Q, M70V, A106T, D108N, A109T, N127S, D147Y, R152C, Q154H or
Q154R, E155G or E155V or E155D, K161Q, Q163H, and/or T166P mutation in TadA
reference sequence, or one or more corresponding mutations in another adenosine deaminase.
In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
or six mutations selected from the group consisting of H8X, D108X, N127X, D147X,
R152X, and Q154X in TadA reference sequence, or a corresponding mutation or mutations in
another adenosine deaminase, where X indicates the presence of any amino acid other than
the corresponding amino acid in the wild-type adenosine deaminase. In some embodiments,
the adenosine deaminase comprises one, two, three, four, five, six, seven, or eight mutations
selected from the group consisting of H8X, M61X, M70X, D108X, N127X, Q154X E155X,
and Q163X in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase, where X indicates the presence of any amino acid other than the
corresponding amino acid in the wild-type adenosine deaminase. In some embodiments, the
adenosine deaminase comprises one, two, three, four, or five, mutations selected from the
group consisting of H8X, D108X, N127X, E155X, and T166X in TadA reference sequence,
or a corresponding mutation or mutations in another adenosine deaminase, where X indicates
the presence of any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises one, two,
three, four, five, or six mutations selected from the group consisting of H8X, A106X, D108X,
mutation or mutations in another adenosine deaminase, where X indicates the presence of any
amino acid other than the corresponding amino acid in the wild-type adenosine deaminase. In
some embodiments, the adenosine deaminase comprises one, two, three, four, five, six, seven,
or eight mutations selected from the group consisting of H8X, R126X, L68X, D108X,
N127X, D147X, and E155X in TadA reference sequence, or a corresponding mutation or
mutations in another adenosine deaminase, where X indicates the presence of any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, or five, mutations
selected from the group consisting of H8X, D108X, A109X, N127X, and E155X in TadA

reference sequence, or a corresponding mutation or mutations in another adenosine
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deaminase, where X indicates the presence of any amino acid other than the corresponding
amino acid in the wild-type adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
or six mutations selected from the group consisting of H8Y, D108N, N127S, D147Y, R152C,
and Q154H in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase. In some embodiments, the adenosine deaminase comprises one, two,
three, four, five, six, seven, or eight mutations selected from the group consisting of H8Y,
M611, M70V, D108N, N1278S, Q154R, E155G and Q163H in TadA reference sequence, or a
corresponding mutation or mutations in another adenosine deaminase. In some embodiments,
the adenosine deaminase comprises one, two, three, four, or five, mutations selected from the
group consisting of H8Y, D108N, N127S, E155V, and T166P in TadA reference sequence, or
a corresponding mutation or mutations in another adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, five, or six mutations
selected from the group consisting of H8Y, A106T, D108N, N127S, E155D, and K161Q in
TadA reference sequence, or a corresponding mutation or mutations in another adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one, two, three, four,
five, six, seven, or eight mutations selected from the group consisting of H8Y, R126W,
L68Q, D108N, N127S, D147Y, and E155V in TadA reference sequence, or a corresponding
mutation or mutations in another adenosine deaminase. In some embodiments, the adenosine
deaminase comprises one, two, three, four, or five, mutations selected from the group
consisting of H8Y, D108N, A109T, N127S, and E155G in TadA reference sequence, or a
corresponding mutation or mutations in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one or more of the or one
or more corresponding mutations in another adenosine deaminase. In some embodiments, the
adenosine deaminase comprises a D108N, D108G, or D108V mutation in TadA reference
sequence, or corresponding mutations in another adenosine deaminase. In some
embodiments, the adenosine deaminase comprises a A106V and D108N mutation in TadA
reference sequence, or corresponding mutations in another adenosine deaminase. In some
embodiments, the adenosine deaminase comprises R107C and D108N mutations in TadA
reference sequence, or corresponding mutations in another adenosine deaminase. In some
embodiments, the adenosine deaminase comprises a H8Y, D108N, N127S, D147Y, and
Q154H mutation in TadA reference sequence, or corresponding mutations in another
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a H8Y,

R24W, D108N, N127S, D147Y, and E155V mutation in TadA reference sequence, or
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corresponding mutations in another adenosine deaminase. In some embodiments, the
adenosine deaminase comprises a D108N, D147Y, and E155V mutation in TadA reference
sequence, or corresponding mutations in another adenosine deaminase. In some
embodiments, the adenosine deaminase comprises a H8Y, D108N, and S 127S mutation in
TadA reference sequence, or corresponding mutations in another adenosine deaminase. In
some embodiments, the adenosine deaminase comprises a A106V, D108N, D147Y and
E155V mutation in TadA reference sequence, or corresponding mutations in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one or more of a, S2X,
HB8X, 149X, L.84X, H123X, N127X, I156X and/or K160X mutation in TadA reference
sequence, or one or more corresponding mutations in another adenosine deaminase, where
the presence of X indicates any amino acid other than the corresponding amino acid in the
wild-type adenosine deaminase. In some embodiments, the adenosine deaminase comprises
one or more of S2A, H8Y, I149F, L84F, H123Y, N1278S, 1156F and/or K160S mutation in
TadA reference sequence, or one or more corresponding mutations in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises an L84 X mutation
adenosine deaminase, where X indicates any amino acid other than the corresponding amino
acid in the wild-type adenosine deaminase. In some embodiments, the adenosine deaminase
comprises an L84F mutation in TadA reference sequence, or a corresponding mutation in
another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an H123X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H123Y
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises an I157X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an I157F
mutation in TadA reference sequence, or a corresponding mutation in another adenosine

deaminase.
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In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
six, or seven mutations selected from the group consisting of L84X, A106X, D108X, H123X,
D147X, E155X, and 1156X in TadA reference sequence, or a corresponding mutation or
mutations in another adenosine deaminase, where X indicates the presence of any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, five, or six mutations
selected from the group consisting of S2X, 149X, A106X, D108X, D147X, and E155X in
TadA reference sequence, or a corresponding mutation or mutations in another adenosine
deaminase, where X indicates the presence of any amino acid other than the corresponding
amino acid in the wild-type adenosine deaminase. In some embodiments, the adenosine
deaminase comprises one, two, three, four, or five, mutations selected from the group
consisting of H8X, A106X, D108X, N127X, and K160X in TadA reference sequence, or a
corresponding mutation or mutations in another adenosine deaminase, where X indicates the
presence of any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
six, or seven mutations selected from the group consisting of L84F, A106V, D108N, H123Y,
D147Y, E155V, and I156F in TadA reference sequence, or a corresponding mutation or
mutations in another adenosine deaminase. In some embodiments, the adenosine deaminase
comprises one, two, three, four, five, or six mutations selected from the group consisting of
S2A, T49F, A106V, D108N, D147Y, and E155V in TadA reference sequence.

In some embodiments, the adenosine deaminase comprises one, two, three, four, or
five, mutations selected from the group consisting of H8Y, A106T, D108N, N1278, and
K160S in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one or more of a E25X,
R26X, R107X, A142X, and/or A143X mutation in TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase, where the presence of X indicates
any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of E25M,
E25D, E25A, E25R, E25V, E25S, E25Y, R26G, R26N, R26Q, R26C, R26L, R26K, R107P,
RO7K, R107A, R107N, R107W, R107H, R107S, A142N, A142D, A142G, A143D, A143G,
Al43E, A143L, A143W, A143M, A143S, A143Q and/or A143R mutation in TadA reference

sequence, or one or more corresponding mutations in another adenosine deaminase. In some
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embodiments, the adenosine deaminase comprises one or more of the mutations described
herein corresponding to TadA reference sequence, or one or more corresponding mutations in
another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an E25X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an E25M,
E25D, E25A, E25R, E25V, E25S, or E25Y mutation in TadA reference sequence, or a
corresponding mutation in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an R26X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises R26G,
R26N, R26Q, R26C, R26L, or R26K mutation in TadA reference sequence, or a
corresponding mutation in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an R107X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an R107P,
RO7K, R107A, R107N, R107W, R107H, or R107S mutation in TadA reference sequence, or
a corresponding mutation in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an A142X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A142N,
A142D, A142G, mutation in TadA reference sequence, or a corresponding mutation in
another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an A143X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A143D,
Al143G, A143E, A143L, A143W, A143M, A143S, A143Q and/or A143R mutation in TadA

reference sequence, or a corresponding mutation in another adenosine deaminase.
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In some embodiments, the adenosine deaminase comprises one or more of a H36X,
N37X, P48X, 149X, R51X, M70X, N72X, D77X, E134X, S 146X, Q154X, K157X, and/or
K161X mutation in TADA REFERENCE SEQUENCE, or one or more corresponding
mutations in another adenosine deaminase, where the presence of X indicates any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one or more of H36L, N37T, N37S, P48T,
P48L, 149V, R51H, R51L, M70L, N72S, D77G, E134G, S 146R, S 146C, Q154H, K157N,
and/or K161T mutation in TadA reference sequence, or one or more corresponding mutations
in another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an H36X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H36L
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises an N37X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an N37T,
or N37S mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an P48X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an P48T, or
P48L mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an R51X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an R51H,
or R51L mutation in TadA reference sequence, or a corresponding mutation in another

adenosine deaminase.
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In some embodiments, the adenosine deaminase comprises an S146X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an S 146R,
or S 146C mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an K157X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a K157N
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises an P48X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a P48S,
PA8T, or P48 A mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an A142X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a A142N
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase.

In some embodiments, the adenosine deaminase comprises an W23X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a W23R, or
W23L mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an R152X mutation in
TadA reference sequence, or a corresponding mutation in another adenosine deaminase,
where X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a R152P, or
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R52H mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase.

In one embodiment, the adenosine deaminase may comprise the mutations H36L,
R51L, L84F, A106V, D108N, H123Y, S 146C, D147Y, E155V, I1156F, and K157N. In some
embodiments, the adenosine deaminase comprises the following combination of mutations
relative to TadA reference sequence, where each mutation of a combination is separated by a

"on

_ " and each combination of mutations is between parentheses: (A106V_D108N),
(R107C_D108N),

(H8Y _D108N S 127S D 147Y_Q154H), (H8Y _R24W_D108N _N127S D147Y_E155V),
(D108N_D147Y_E155V), (H8Y D108N_S 127S), (H8Y D108N N127S D147Y_Q154H),
(A106V D108N D147Y E155V) (D108Q D147Y E155V) (D108M_D147Y_EI155V),
(D108L_D147Y_E155V), (D108K D147Y_EI155V), (D1081 D147Y_EI155V),
(D108F_D147Y_E155V), (A106V_D108N_D147Y), (A106V_D108M_D147Y_E155V),
(ES9A_A106V_DI108N _D147Y_E155V), (E59A cat

dead A106V_DI108N D147Y E155V),
(L84F_A106V_D108N_HI123Y D147Y _E155V_I156Y),

(L84F_A106V_D108N_H123Y D147Y_E155V_I156F), (D103A_DO014N),

(G22P D 103 A D 104N), (G22P D 103 A D 104N _S 138 A),(D 103 A D 104N_S
138A),

(R26G_L84F A106V_R107H D108N_H123Y A142N A143D D147Y_E155V_1156F),
(E25G_R26G _L84F A106V_R107H DI108N H123Y A142N A143D D147Y_EI155V _I15
6F),

(E25D_R26G L84F A106V_R107K_D108N _H123Y A142N_A143G D147Y E155V_I15
6F), (R26Q _L84F A106V_DI108N HI123Y A142N DI147Y_E155V_I156F),

(E25M_R26G L84F A106V_R107P D108N H123Y A142N_A143D D147Y _E155V 115
6F), (R26C_L84F A106V_R107H_D108N_H123Y_ A142N D147Y E155V_I156F),

(L84F _A106V_DI108N HI123Y Al142N Al43L D147Y E155V _I156F),

(R26G_L84F A106V_D108N_HI23Y_ A142N D147Y E155V_I156F),

(E25A R26G L84F A106V R107N DI108N H123Y A142N A143E D147Y E155V I15
6F),

(R26G _L84F A106V_R107H DI108N H123Y A142N A143D D147Y EI155V I156F),
(A106V DI08N A142N DI147Y E155V),

(R26G_A106V_DI108N_A142N D147Y_E155V),

(E25D R26G_A106V_R107K_DI10SN_A142N_A143G D147Y_E155V),
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(R26G_A106V_D108N R107H A142N A143D D147Y E155V),

(E25D R26G_A106V_D10SN_A142N_D147Y _E155V),
(A106V_R107K_D108N_A142N D147Y E155V),
(A106V_DI0SN A142N A143G D147Y E155V),
(A106V_DI10SN A142N A143L D147Y E155V),

(H36L RS51L_L84F A106V_D108N_H123Y S 146C_D147Y E155V_I156F KI157N),
(N37T_P48T M70L L84F A106V_D108N _HI123Y D147Y 149V E155V_I156F),
(N37S_L84F A106V_D108N H123Y D147Y E155V _I156F K161T),

(H36L_L84F A106V_D108N_H123Y DI147Y Q154H E155V_I156F),
(N728_L84F A106V _DI108N HI23Y_S 146R _D147Y E155V_I156F),

(H36L P4SL L84F A106V_D10SN H123Y E134G D147Y E155V_1156F),

57N),

(H36L L84F A106V D108N HI123Y S 146C D147Y E155V_I156F),
(L84F_A106V_D108N HI23Y_S 146R _D147Y E155V_I156F K161T),

(N37S_R51H D77G_L84F A106V_D108N H123Y D147Y E155V_I156F),
(R51L_L84F A106V_DI108N HI123Y D147Y E155V I156F K157N),
(D24G_Q71R_L84F HO96L A106V DI10SN H123Y D147Y E155V_I156F K160E),
(H36L_G67V_L84F_A106V_D108N HI23Y_S 146T D147Y E155V_I156F),
(Q71L_L84F A106V D108N H123Y LI137M_A143E_D147Y EI155V_I156F),
(E25G_L84F A106V_D108N_H123Y DI147Y E155V_1156F Q159L),

(L84F_A91T F1041 A106V_D108N_H123Y D147Y E155V_I156F),

(N72D_L84F A106V D108N_HI123Y GI25A D147Y E155V_I156F),

(P48S_L84F S97C_A106V_D108N HI123Y D147Y E155V_I156F),

(W23G_L84F A106V_D108N_H123Y D147Y E155V _1156F),

(D24G_P48L_Q71R _L84F A106V_D108N_H123Y D147Y E155V_I156F Q159L),
(L84F_A106V_D108N HI23Y A142N_D147Y EI155V_I156F),

(H36L RS1L_L84F A106V_D108N_HI123Y Al142N S 146C_D147Y_E155V_I156F
_K157N), (N37S_L84F A106V_D108N_H123Y A142N D147Y E155V I156F K161T),
(L84F A106V D108N D147Y E155V I156F),

(R51L_L84F A106V_D108N H123Y_S 146C_D147Y E155V I156F K157N K161T),
(L84F_A106V_D108N HI23Y_S 146C_D147Y E155V _I156F K161T),

(L84F A106V DI108N HI23Y S 146C D147Y E155V I156F K157N K160E K161T),
(L84F_A106V_D108N HI23Y_S 146C_D147Y E155V I156F K157N KI160E), (R74Q
L84F A106V _D108N_H123Y D147Y EI155V_I156F),
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(R74A_L84F A106V D108N H123Y D147Y E155V _I156F),
(L84F_A106V_D108N H123Y D147Y E155V_I156F),

(R74Q L84F A106V D108N H123Y D147Y E155V _I156F),

(L84F R98Q A106V D108N HI123Y D147Y E155V I156F),
(L84F_A106V_D108N HI123Y R129Q D147Y E155V_I156F),

(P48S_L84F A106V_D108N H123Y A142N D147Y E155V_1156F), (P48S_A142N),
(P48T 149V _L84F A106V DI108N HI23Y A142N D147Y EI155V _I156F L157N),
(P48T _T49V_A142N),

(H36L _P48S R51L L84F A106V D108N HI23Y S 146C_D147Y E155V_I156F
_KI57N),

(H36L P48S R51L L84F A106V D108N HI23Y S
146C_A142N D147Y E155V_I156F

(H36L P48T 140V RSIL L84F A106V D10SN H123Y S 146C_D147Y E155V I156F
_KI57N),

(H36L _P48T 149V RS51L L84F A106V_D108N HI123Y Al142N S
146C_D147Y_E155V_1156F K157N),

(H36L P48A RSIL L84F A106V_DI108N_HI123Y S 146C_D147Y E155V_I156F
_KI57N),

(H36L P48A RSIL L84F A106V D108N_HI23Y A142N S
146C_D147Y_E155V_I156F K157N),

(H36L P48A RSIL L84F A106V_D108N_HI23Y S

146C_A142N_D147Y E155V_1156F KI157N),

(W23L_H36L_P48A R51L L84F A106V _DI10SN HI23Y S 146C_D147Y E155V_I156F
_KI57N),

(W23R_H36L P48A RS1L L84F A106V_D108N HI123Y S 146C D147Y E155V I156F
_KI57N),

(W23L_H36L _P48A R51L L84F A106V _D108N HI23Y S 146R_D147Y E155V_I156F
_K161T),

(H36L P48A RSIL L84F A106V D108N HI23Y S
146C_D147Y _R152H E155V_I156F KI157N),

(H36L P48A RS1L L84F A106V D108N _HI123Y S 146C_D147Y R152P E155V I156F
KI57N),

(W23L_H36L _P48A R51L L84F A106V _D10SN HI23Y S

146C_D147Y _R152P_E155V 1156F K157N),
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(W23L_H36L_P48A R51L L84F A106V D108N _HI23Y Al142A S 146C D147Y E155
V_I156F K157N),

(W23L_H36L_P48A R511 L84F A106V _D108N_HI23Y A142A S

146C_D147Y R152P E155V I1156F KI157N),

(W23L_H36L_P48A_R51L_L84F A106V_D108N_HI23Y_S 146R_D147Y_E155V_I156F
_KI161T),

(W23R_H36L P48A R51L L84F A106V DI10SN H123Y S
146C_D147Y_R152P_E155V 1156F KI157N),

(H36L_P48A_R51L_L84F A106V_D108N_H123Y_A142N_S 146C_D147Y_R152P_E155
V_I156F K157N).

Cytidine deaminase

In one embodiment, a fusion protein of the invention comprises a cytidine deaminase.
In some embodiments, the cytidine deaminases provided herein are capable of deaminating
cytosine or 5S-methylcytosine to uracil or thymine. In some embodiments, the cytosine
deaminases provided herein are capable of deaminating cytosine in DNA. The cytidine
deaminase may be derived from any suitable organism. In some embodiments, the cytidine
deaminase is a naturally-occurring cytidine deaminase that includes one or more mutations
corresponding to any of the mutations provided herein. One of skill in the art will be able to
identify the corresponding residue in any homologous protein, e.g., by sequence alignment
and determination of homologous residues. Accordingly, one of skill in the art would be able
to generate mutations in any naturally-occurring cytidine deaminase that corresponds to any
of the mutations described herein. In some embodiments, the cytidine deaminase is from a
prokaryote. In some embodiments, the cytidine deaminase is from a bacterium. In some
embodiments, the cytidine deaminase is from a mammal (e.g., human).

In some embodiments, the cytidine deaminase comprises an amino acid sequence that
is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5%
identical to any one of the cytidine deaminase amino acid sequences set forth herein. It
should be appreciated that cytidine deaminases provided herein may include one or more
mutations (e.g., any of the mutations provided herein). The disclosure provides any
deaminase domains with a certain percent identity plus any of the mutations or combinations
thereof described herein. In some embodiments, the cytidine deaminase comprises an amino

acid sequence thathas 1,2, 3, 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,

78



10

15

20

25

30

WO 2020/160514 PCT/US2020/016285

21,24, 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 mutations compared to a reference sequence, or any of the cytidine
deaminases provided herein. In some embodiments, the cytidine deaminase comprises an
amino acid sequence that has at least 5, at least 10, 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 60, at least 70, at least 80, at least
90, at least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160,
or at least 170 identical contiguous amino acid residues as compared to any one of the amino
acid sequences known in the art or described herein.

A fusion protein of the invention comprises a nucleic acid editing domain. In some
embodiments, the nucleic acid editing domain can catalyze a C to U base change. In some
embodiments, the nucleic acid editing domain is a deaminase domain. In some embodiments,
the deaminase is a cytidine deaminase or an adenosine deaminase. In some embodiments, the
deaminase is an apolipoprotein B mRNA-editing complex (APOBEC) family deaminase. In
some embodiments, the deaminase is an APOBECI deaminase. In some embodiments, the
deaminase is an APOBEC2 deaminase. In some embodiments, the deaminase is an
APOBEC3 deaminase. In some embodiments, the deaminase is an APOBEC3 A deaminase.
In some embodiments, the deaminase is an APOBEC3B deaminase. In some embodiments,
the deaminase is an APOBEC3C deaminase. In some embodiments, the deaminase is an
APOBEC3D deaminase. In some embodiments, the deaminase is an APOBEC3E deaminase.
In some embodiments, the deaminase is an APOBEC3F deaminase. In some embodiments,
the deaminase is an APOBEC3G deaminase. In some embodiments, the deaminase is an
APOBEC3H deaminase. In some embodiments, the deaminase is an APOBEC4 deaminase.
In some embodiments, the deaminase is an activation-induced deaminase (AID). In some
embodiments, the deaminase is a vertebrate deaminase. In some embodiments, the deaminase
is an invertebrate deaminase. In some embodiments, the deaminase is a human, chimpanzee,
gorilla, monkey, cow, dog, rat, or mouse deaminase. In some embodiments, the deaminase is
a human deaminase. In some embodiments, the deaminase is a rat deaminase, e.g.,
rAPOBECI . In some embodiments, the deaminase is a Petromyzon marinus cytidine
deaminase 1 (pmCDALI). In some embodiments, the deminase is a human APOBEC3G. In
some embodiments, the deaminase is a fragment of the human APOBEC3G. In some
embodiments, the deaminase is a human APOBEC3G variant comprising a D316R D317R
mutation. In some embodiments, the deaminase is a fragment of the human APOBEC3G and
comprising mutations corresponding to the D316R D317R mutations. In some embodiments,

the nucleic acid editing domain is at least 80%, at least 85%, at least 90%, at least 92%, at
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least 95%, at least 96%, at least 97%, at least 98%, at least 99%), or at least 99.5% identical
to the deaminase domain of any deaminase described herein.

In certain embodiments, the fusion proteins provided herein comprise one or more
features that improve the base editing activity of the fusion proteins. For example, any of the
fusion proteins provided herein may comprise a Cas9 domain that has reduced nuclease
activity. In some embodiments, any of the fusion proteins provided herein may have a Cas9
domain that does not have nuclease activity (dCas9), or a Cas9 domain that cuts one strand of

a duplexed DNA molecule, referred to as a Cas9 nickase (nCas9).

Cas9 domains of Nucleobase Editors

In some aspects, a nucleic acid programmable DNA binding protein (napDNAbp) is a
Cas9 domain. Non-limiting, exemplary Cas9 domains are provided herein. The Cas9
domain may be a nuclease active Cas9 domain, a nuclease inactive Cas9 domain, or a Cas9
nickase. In some embodiments, the Cas9 domain is a nuclease active domain. For example,
the Cas9 domain may be a Cas9 domain that cuts both strands of a duplexed nucleic acid
(e.g., both strands of a duplexed DNA molecule). In some embodiments, the Cas9 domain
comprises any one of the amino acid sequences as set forth herein. In some embodiments the
Cas9 domain comprises an amino acid sequence that is at least 60%, at least 65%, at least
70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least
97%, at least 98%, at least 99%, or at least 99.5% identical to any one of the amino acid
sequences set forth herein. In some embodiments, the Cas9 domain comprises an amino acid
sequence that has 1, 2, 3, 4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21,
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 or more mutations compared to any one of the amino acid sequences set forth
herein. In some embodiments, the Cas9 domain comprises an amino acid sequence that has
at least 10, at least 15, at least 20, at least 30, at least 40, at least 50, at least 60, at least 70, at
least 80, at least 90, at least 100, at least 150, at least 200, at least 250, at least 300, at least
350, at least 400, at least 500, at least 600, at least 700, at least 800, at least 900, at least
1000, at least 1100, or at least 1200 identical contiguous amino acid residues as compared to
any one of the amino acid sequences set forth herein.

In some embodiments, the Cas9 domain is a nuclease-inactive Cas9 domain (dCas9).
For example, the dCas9 domain may bind to a duplexed nucleic acid molecule (e.g., via a
gRNA molecule) without cleaving either strand of the duplexed nucleic acid molecule. In

some embodiments, the nuclease-inactive dCas9 domain comprises a D10X mutation and a
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H840X mutation of the amino acid sequence set forth herein, or a corresponding mutation in
any of the amino acid sequences provided herein, wherein X is any amino acid change. In
some embodiments, the nuclease-inactive dCas9 domain comprises a D10A mutation and a
H840A mutation of the amino acid sequence set forth herein, or a corresponding mutation in
any of the amino acid sequences provided herein. As one example, a nuclease-inactive Cas9
domain comprises the amino acid sequence set forth in Cloning vector pPlatTET-gRNA2

(Accession No. BAV54124).

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQ
RTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYY VGPLARGNSRF
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFT
VYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECF
DSVEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEE
RLKTYAHLFDDKVMKQLKRRRYTGW GRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDEL
VKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENT
QLONEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRS
DKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAG
FIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFY
KVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEI
GKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVL
SMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVL
VVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYS
LFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLF
VEQHKHYLDEINEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTN
LGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (see, e.g.,
Qi et al., “Repurposing CRISPR as an RNA-guided platform for sequence-specific control of
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gene expression.” Cell. 2013; 152(5):1173-83, the entire contents of which are incorporated
herein by reference).

Additional suitable nuclease-inactive dCas9 domains will be apparent to those of skill
in the art based on this disclosure and knowledge in the field, and are within the scope of this
disclosure. Such additional exemplary suitable nuclease-inactive Cas9 domains include, but
are not limited to, D10A/H840A, D10A/D839A/H840A, and D10A/D839A/H840A/N863A
mutant domains (See, e.g., Prashant ef al., CAS9 transcriptional activators for target
specificity screening and paired nickases for cooperative genome engineering. Nature
Biotechnology. 2013; 31(9): 833-838, the entire contents of which are incorporated herein by
reference). In some embodiments the dCas9 domain comprises an amino acid sequence that
1s at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least
90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5%
identical to any one of the dCas9 domains provided herein. In some embodiments, the Cas9
domain comprises an amino acid sequences that has 1,2,3,4,5,6,7,8,9,10, 11,12, 13, 14,
15,16, 17, 18, 19, 20, 21, 22, 21, 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 or more mutations compared to any one of
the amino acid sequences set forth herein. In some embodiments, the Cas9 domain comprises
an amino acid sequence that has at least 10, at least 15, at least 20, at least 30, at least 40, at
least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least 150, at least 200,
at least 250, at least 300, at least 350, at least 400, at least 500, at least 600, at least 700, at
least 800, at least 900, at least 1000, at least 1100, or at least 1200 identical contiguous amino
acid residues as compared to any one of the amino acid sequences set forth herein.

In some embodiments, the Cas9 domain is a Cas9 nickase. The Cas9 nickase may be
a Cas9 protein that is capable of cleaving only one strand of a duplexed nucleic acid molecule
(e.g., a duplexed DNA molecule). In some embodiments the Cas9 nickase cleaves the target
strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand
that is base paired to (complementary to) a gRNA (e.g., an sgRNA) that is bound to the Cas9.
In some embodiments, a Cas9 nickase comprises a D10A mutation and has a histidine at
position 840. In some embodiments the Cas9 nickase cleaves the non-target, non-base-edited
strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand
that is not base paired to a gRNA (e.g., an sgRNA) that is bound to the Cas9. In some
embodiments, a Cas9 nickase comprises an H840A mutation and has an aspartic acid residue
at position 10, or a corresponding mutation. In some embodiments the Cas9 nickase

comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least
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75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or at least 99.5% identical to any one of the Cas9 nickases provided
herein. Additional suitable Cas9 nickases will be apparent to those of skill in the art based on

this disclosure and knowledge in the field, and are within the scope of this disclosure.

Cas9 Domains with Reduced PAM Exclusivity

Typically, Cas9 proteins, such as Cas9 from S. pyogenes (spCas9), require a canonical
NGG PAM sequence to bind a particular nucleic acid region, where the “N” in “NGG” is
adenosine (A), thymidine (T), or cytosine (C), and the G is guanosine. This may limit the
ability to edit desired bases within a genome. In some embodiments, the base editing fusion
proteins provided herein may need to be placed at a precise location, for example a region
comprising a target base that is upstream of the PAM. Seee.g., Komor, A.C, ef al.,
“Programmable editing of a target base in genomic DNA without double-stranded DNA
cleavage” Nature 533, 420-424 (2016), the entire contents of which are hereby incorporated
by reference. Accordingly, in some embodiments, any of the fusion proteins provided herein
may contain a Cas9 domain that is capable of binding a nucleotide sequence that does not
contain a canonical (e.g., NGG) PAM sequence. Cas9 domains that bind to non-canonical
PAM sequences have been described in the art and would be apparent to the skilled artisan.
For example, Cas9 domains that bind non-canonical PAM sequences have been described in
Kleinstiver, B. P., et al., “Engineered CRISPR-Cas9 nucleases with altered PAM
specificities” Nature 523, 481-485 (2015); and Kleinstiver, B. P., et al., “Broadening the
targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition”
Nature Biotechnology 33, 1293-1298 (2015); the entire contents of each are hereby
incorporated by reference. Several PAM variants are described at Table 1 below:

Table 1. Cas9 proteins and corresponding PAM sequences

Variant PAM
spCas9 NGG
spCas9-VRQR NGA
spCas9-VRER NGCG
xCas9 (sp) NGN
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saCas9 NNGRRT
saCas9-KKH NNNRRT
spCas9-MQKSER NGCG
spCas9-MQKSER NGCN
spCas9-LRKIQK NGTN
spCas9-LRVSQK NGTN
spCas9-LRVSQL NGTN
Cpfl 5 (TTTV)

In some embodiments, the Cas9 domain is a Cas9 domain from Staphylococcus
aureus (SaCas9). In some embodiments, the SaCas9 domain is a nuclease active SaCas9, a
nuclease inactive SaCas9 (SaCas9d), or a SaCas9 nickase (SaCas9n). In some embodiments,
the SaCas9 comprises a N579A mutation, or a corresponding mutation in any of the amino
acid sequences provided herein.

In some embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n
domain can bind to a nucleic acid sequence having a non-canonical PAM. In some
embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n domain can bind to a
nucleic acid sequence having a NNGRRT PAM sequence. In some embodiments, the
SaCas9 domain comprises one or more of a E781X, a N967X, and a R1014X mutation, or a
corresponding mutation in any of the amino acid sequences provided herein, wherein X is
any amino acid. In some embodiments, the SaCas9 domain comprises one or more of a
E781K, a N967K, and a R1014H mutation, or one or more corresponding mutation in any of
the amino acid sequences provided herein. In some embodiments, the SaCas9 domain
comprises a E781K, a N967K, or a R1014H mutation, or corresponding mutations in any of

the amino acid sequences provided herein.

Exemplary SaCas9 sequence
KRNYILGLDIGITSVGYGIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRR
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GVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKT
SDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTY YEGPGEGSPFGWKDIKEW
YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEY YEKFQIIEN
VFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENA
ELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDE
LWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINATIK
KYGLPNDIINELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIK
LHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHITPRSVSFDNSFNNKVLVKQEENSKK
GNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFI
NRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIF
ITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDK
DNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTK
YSKKDNGPVIKKIKY YGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVY
KFVTVKNLDVIKKENY YEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYR
VIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLY
EVKSKKHPQIUKKG

Residue N579 above, which is underlined and in bold, may be mutated (e.g., to a
AS579) to yield a SaCas9 nickase.

Exemplary SaCas9n sequence
KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRR
GVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKT
SDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDIKEW
YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEY YEKFQIIEN
VFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENA
ELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDE
LWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINAIIK
KYGLPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIK
LHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNK VLVKQEEASKK
GNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFI
NRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALIDANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIF
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ITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGLYDK
DNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTK
YSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVY
KFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKINGELYR
VIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILGNLY
EVKSKKHPQIIKKG

Residue A579 above, which can be mutated from N579 to yield a SaCas9 nickase, is

underlined and in bold.

Exemplary SaKKH Cas9
KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRR
RRHRIQRVKKLLFDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRR
GVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSINRFKT
SDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTY YEGPGEGSPFGWKDIKEW
YEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEY YEKFQIIEN
VFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKEIIENA
ELLDQIAKILTTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAINLILDE
LWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVINATIK
KYGLPNDIITELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYLIEKIK
LHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEEASKK
GNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRISKTKKEYLLEERDINRFSVQKDFI
NRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKERNKG
YKHHAEDALITANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEYKEIF
ITPHQIKHIKDFKDYKYSHRVDKKPNRALINDTLYSTRKDDKGNTLIVNNLNGLYDK
DNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGNYLTK
YSKKDNGPVIKKIKY YGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLDNGVY
KFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYKNDLIKINGELYRY
IGVNNDLLNRIEVNMIDITYREYLENMNDKRPPHIIKTIASKTQSIKKYSTDILGNLYE
VKSKKHPQIIKKG.

Residue A579 above, which can be mutated from N579 to yield a SaCas9 nickase, is
underlined and in bold. Residues K781, K967, and H1014 above, which can be mutated from
E781, N967, and R1014 to yield a SaKKH Cas9 are underlined and in italics.

In some embodiments, the Cas9 domain is a Cas9 domain from Strepfococcus

pyogenes (SpCas9). In some embodiments, the SpCas9 domain is a nuclease active SpCas9,
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a nuclease inactive SpCas9 (SpCas9d), or a SpCas9 nickase (SpCas9n). In some
embodiments, the SpCas9 comprises a D9X mutation, or a corresponding mutation in any of
the amino acid sequences provided herein, wherein X is any amino acid except for D. In
some embodiments, the SpCas9 comprises a D9A mutation, or a corresponding mutation in
any of the amino acid sequences provided herein. In some embodiments, the SpCas9
domain, the SpCas9d domain, or the SpCas9n domain can bind to a nucleic acid sequence
having a non-canonical PAM. In some embodiments, the SpCas9 domain, the SpCas9d
domain, or the SpCas9n domain can bind to a nucleic acid sequence having an NGG, a NGA,
or a NGCG PAM sequence. In some embodiments, the SpCas9 domain comprises one or
more of a D1134X, a R1334X, and a T1336X mutation, or a corresponding mutation in any
of the amino acid sequences provided herein, wherein X is any amino acid. In some
embodiments, the SpCas9 domain comprises one or more of a D1134E, R1334Q, and
T1336R mutation, or a corresponding mutation in any of the amino acid sequences provided
herein. In some embodiments, the SpCas9 domain comprises a D1134E, a R1334Q), and a
T1336R mutation, or corresponding mutations in any of the amino acid sequences provided
herein. In some embodiments, the SpCas9 domain comprises one or more of a D1134X, a
R1334X, and a T1336X mutation, or a corresponding mutation in any of the amino acid
sequences provided herein, wherein X is any amino acid. In some embodiments, the SpCas9
domain comprises one or more of a D1134V, aR1334Q, and a T1336R mutation, or a
corresponding mutation in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises a D1134V, a R1334Q, and a T1336R mutation,
or corresponding mutations in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises one or more of a D1134X, a G1217X, a
R1334X, and a T1336X mutation, or a corresponding mutation in any of the amino acid
sequences provided herein, wherein X is any amino acid. In some embodiments, the SpCas9
domain comprises one or more of a D1134V, a G1217R, a R1334Q, and a T1336R mutation,
or a corresponding mutation in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises a D1134V, a G1217R, a R1334Q, and a
T1336R mutation, or corresponding mutations in any of the amino acid sequences provided
herein.

In some embodiments, the Cas9 domains of any of the fusion proteins provided herein
comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least
75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least
98%, at least 99%, or at least 99.5% identical to a Cas9 polypeptide described herein. In
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some embodiments, the Cas9 domains of any of the fusion proteins provided herein
comprises the amino acid sequence of any Cas9 polypeptide described herein. In some
embodiments, the Cas9 domains of any of the fusion proteins provided herein consists of the

amino acid sequence of any Cas9 polypeptide described herein.

Exemplary SpCas9
DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
OQONEKLYLYYLOQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary SpCas9n
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
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PIFGNIVDEVAYHEK YPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITK APLSASMIKR YDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEV VDK GASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTVY
NELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRK VTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGK TILDFLK SDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMY VDQELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTK YDENDKLIREVKVITLK SKLVSDFRKDFQF YKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEIEQISEFSKRVILADANLDK VLSA YNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary SpEQR Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
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VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFESPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Residues E1134, Q1334, and R1336 above, which can be mutated from D1134,
R1334, and T1336 to yield a SpEQR Cas9, are underlined and in bold.

Exemplary SpVQR Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGW GRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
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RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLFTLTNLGA
PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD
Residues V1134, Q1334, and R1336 above, which can be mutated from D1134,

R1334, and T1336 to yield a SpVQR Cas9, are underlined and in bold.

Exemplary SpVRER Cas9
DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE
KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL
FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY
KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF
DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW
MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY
NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS
VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL
OQONEKLYLYYLOQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE
LENGRKRMLASARELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ
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HKHYLDEHNEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA
PAAFKYFDTTIDRKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

Residues V1134, R1217, Q1334, and R1336 above, which can be mutated from
D1134, G1217, R1334, and T1336 to yield a SpVRER Cas9, are underlined and in bold.
The Cas9 nuclease has two functional endonuclease domains: RuvC and HNH. Cas9
undergoes a conformational change upon target binding that positions the nuclease domains
to cleave opposite strands of the target DNA. The end result of Cas9-mediated DNA
cleavage is a double-strand break (DSB) within the target DNA (~3-4 nucleotides upstream
of the PAM sequence). The resulting DSB is then repaired by one of two general repair
pathways: (1) the efficient but error-prone non-homologous end joining (NHEJ) pathway; or
(2) the less efficient but high-fidelity homology directed repair (HDR) pathway.

The “efficiency” of non-homologous end joining (NHEJ) and/or homology directed
repair (HDR) can be calculated by any convenient method. For example, in some cases,
efficiency can be expressed in terms of percentage of successful HDR. For example, a
surveyor nuclease assay can be used to generate cleavage products and the ratio of products
to substrate can be used to calculate the percentage. For example, a surveyor nuclease
enzyme can be used that directly cleaves DNA containing a newly integrated restriction
sequence as the result of successful HDR. More cleaved substrate indicates a greater percent
HDR (a greater efficiency of HDR). As an illustrative example, a fraction (percentage) of
HDR can be calculated using the following equation [(cleavage products)/(substrate plus
cleavage products)] (e.g., (b+c)/(atb+c), where “a” is the band intensity of DNA substrate
and “b” and “c” are the cleavage products).

In some cases, efficiency can be expressed in terms of percentage of successful
NHEJ. For example, a T7 endonuclease I assay can be used to generate cleavage products
and the ratio of products to substrate can be used to calculate the percentage NHEJ. T7
endonuclease Icleaves mismatched heteroduplex DNA which arises from hybridization of
wild-type and mutant DNA strands (NHEJ generates small random insertions or deletions
(indels) at the site of the original break). More cleavage indicates a greater percent NHEJ (a
greater efficiency of NHEJ). As an illustrative example, a fraction (percentage) of NHEJ can
be calculated using the following equation: (1-(1-(b+c)/(a+b+c))"*)x100, where “a” is the
band intensity of DNA substrate and “b” and “c” are the cleavage products (Ran ez. al.,2013
Sep. 12; 154(6):1380-9; and Ran et al., Nat Protoc. 2013 Nov.; 8(11): 2281-2308).
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The NHEJ repair pathway is the most active repair mechanism, and it frequently
causes small nucleotide insertions or deletions (indels) at the DSB site. The randomness of
NHEJ-mediated DSB repair has important practical implications, because a population of
cells expressing Cas9 and a gRNA or a guide polynucleotide can result in a diverse array of
mutations. In most cases, NHEJ gives rise to small indels in the target DNA that result in
amino acid deletions, insertions, or frameshift mutations leading to premature stop codons
within the open reading frame (ORF) of the targeted gene. The ideal end result is a loss-of-
function mutation within the targeted gene.

While NHEJ-mediated DSB repair often disrupts the open reading frame of the gene,
homology directed repair (HDR) can be used to generate specific nucleotide changes ranging
from a single nucleotide change to large insertions like the addition of a fluorophore or tag.

In order to utilize HDR for gene editing, a DNA repair template containing the
desired sequence can be delivered into the cell type of interest with the gRNA(s) and Cas9 or
Cas9 nickase. The repair template can contain the desired edit as well as additional
homologous sequence immediately upstream and downstream of the target (termed left &
right homology arms). The length of each homology arm can be dependent on the size of the
change being introduced, with larger insertions requiring longer homology arms. The repair
template can be a single-stranded oligonucleotide, double-stranded oligonucleotide, or a
double-stranded DNA plasmid. The efficiency of HDR is generally low (<10% of modified
alleles) even in cells that express Cas9, gRNA and an exogenous repair template. The
efficiency of HDR can be enhanced by synchronizing the cells, since HDR takes place during
the S and G2 phases of the cell cycle. Chemically or genetically inhibiting genes involved in
NHE]J can also increase HDR frequency.

In some embodiments, Cas9 is a modified Cas9. A given gRNA targeting sequence
can have additional sites throughout the genome where partial homology exists. These sites
are called off-targets and need to be considered when designing a gRNA. In addition to
optimizing gRNA design, CRISPR specificity can also be increased through modifications to
Cas9. Cas9 generates double-strand breaks (DSBs) through the combined activity of two
nuclease domains, RuvC and HNH. Cas9 nickase, a D10A mutant of SpCas9, retains one
nuclease domain and generates a DNA nick rather than a DSB. The nickase system can also
be combined with HDR-mediated gene editing for specific gene edits.

In some cases, Cas9 is a variant Cas9 protein. A variant Cas9 polypeptide has an
amino acid sequence that is different by one amino acid (e.g., has a deletion, insertion,

substitution, fusion) when compared to the amino acid sequence of a wild type Cas9 protein.
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In some instances, the variant Cas9 polypeptide has an amino acid change (e.g., deletion,
insertion, or substitution) that reduces the nuclease activity of the Cas9 polypeptide. For
example, in some instances, the variant Cas9 polypeptide has less than 50%, less than 40%,
less than 30%, less than 20%, less than 10%, less than 5%, or less than 1% of the nuclease
activity of the corresponding wild-type Cas9 protein. In some cases, the variant Cas9 protein
has no substantial nuclease activity. When a subject Cas9 protein is a variant Cas9 protein
that has no substantial nuclease activity, it can be referred to as “dCas9.”

In some cases, a variant Cas9 protein has reduced nuclease activity. For example, a
variant Cas9 protein exhibits less than about 20%, less than about 15%, less than about 10%,
less than about 5%, less than about 1%, or less than about 0.1%, of the endonuclease activity
of a wild-type Cas9 protein, e.g., a wild-type Cas9 protein.

In some cases, a variant Cas9 protein can cleave the complementary strand of a guide
target sequence but has reduced ability to cleave the non-complementary strand of a double
stranded guide target sequence. For example, the variant Cas9 protein can have a mutation
(amino acid substitution) that reduces the function of the RuvC domain. As a non-limiting
example, in some embodiments, a variant Cas9 protein has a D10A (aspartate to alanine at
amino acid position 10) and can therefore cleave the complementary strand of a double
stranded guide target sequence but has reduced ability to cleave the non-complementary
strand of a double stranded guide target sequence (thus resulting in a single strand break
(SSB) instead of a double strand break (DSB) when the variant Cas9 protein cleaves a double
stranded target nucleic acid) (see, for example, Jinek ez al., Science. 2012 Aug. 17;
337(6096):816-21).

In some cases, a variant Cas9 protein can cleave the non-complementary strand of a
double stranded guide target sequence but has reduced ability to cleave the complementary
strand of the guide target sequence. For example, the variant Cas9 protein can have a
mutation (amino acid substitution) that reduces the function of the HNH domain
(RuvC/HNH/RuvC domain motifs). As a non-limiting example, in some embodiments, the
variant Cas9 protein has an H840A (histidine to alanine at amino acid position 840) mutation
and can therefore cleave the non-complementary strand of the guide target sequence but has
reduced ability to cleave the complementary strand of the guide target sequence (thus
resulting in a SSB instead of a DSB when the variant Cas9 protein cleaves a double stranded
guide target sequence). Such a Cas9 protein has a reduced ability to cleave a guide target
sequence (e.g., a single stranded guide target sequence) but retains the ability to bind a guide

target sequence (e.g., a single stranded guide target sequence).
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In some cases, a variant Cas9 protein has a reduced ability to cleave both the
complementary and the non-complementary strands of a double stranded target DNA. Asa
non-limiting example, in some cases, the variant Cas9 protein harbors both the D10A and the
H840A mutations such that the polypeptide has a reduced ability to cleave both the
complementary and the non-complementary strands of a double stranded target DNA. Such a
Cas9 protein has a reduced ability to cleave a target DNA (e.g., a single stranded target DNA)
but retains the ability to bind a target DNA (e.g., a single stranded target DNA).

As another non-limiting example, in some cases, the variant Cas9 protein harbors
W476A and W1126A mutations such that the polypeptide has a reduced ability to cleave a
target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA (e.g., a single
stranded target DNA) but retains the ability to bind a target DNA (e.g., a single stranded
target DNA).

As another non-limiting example, in some cases, the variant Cas9 protein harbors
PATSA, WAT6A, N4T77A, D1125A, W1126A, and D1127A mutations such that the
polypeptide has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced
ability to cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to
bind a target DNA (e.g., a single stranded target DNA).

As another non-limiting example, in some cases, the variant Cas9 protein harbors
HB840A, W476A, and W1126A, mutations such that the polypeptide has a reduced ability to
cleave a target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA (e.g.,
a single stranded target DNA) but retains the ability to bind a target DNA (e.g., a single
stranded target DNA). As another non-limiting example, in some cases, the variant Cas9
protein harbors H840A, D10A, W476A, and W1126A, mutations such that the polypeptide
has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced ability to
cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to bind a
target DNA (e.g., a single stranded target DNA). In some embodiments, the variant Cas9 has
restored catalytic His residue at position 840 in the Cas9 HNH domain (A840H).

As another non-limiting example, in some cases, the variant Cas9 protein harbors,
HB840A, PA75A, W476A, N477A, D1125A, W1126A, and D1127A mutations such that the
polypeptide has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced
ability to cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to
bind a target DNA (e.g., a single stranded target DNA). As another non-limiting example, in
some cases, the variant Cas9 protein harbors D10A, H840A, P475A, W476A, N477A,
D1125A, W1126A, and D1127A mutations such that the polypeptide has a reduced ability to
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cleave a target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA (e.g.,
a single stranded target DNA) but retains the ability to bind a target DNA (e.g., a single
stranded target DNA). In some cases, when a variant Cas9 protein harbors W476A and
W1126A mutations or when the variant Cas9 protein harbors P475A, W476A, N477A,
D1125A, W1126A, and D1127A mutations, the variant Cas9 protein does not bind efficiently
to a PAM sequence. Thus, in some such cases, when such a variant Cas9 protein is used in a
method of binding, the method does not require a PAM sequence. In other words, in some
cases, when such a variant Cas9 protein is used in a method of binding, the method can
include a guide RNA, but the method can be performed in the absence of a PAM sequence
(and the specificity of binding is therefore provided by the targeting segment of the guide
RNA). Other residues can be mutated to achieve the above effects (i.e., inactivate one or the
other nuclease portions). As non-limiting examples, residues D10, G12, G17, E762, H840,
N854, N863, H982, H983, A984, D986, and/or A987 can be altered (i.e., substituted). Also,
mutations other than alanine substitutions are suitable.

In some embodiments, a variant Cas9 protein that has reduced catalytic activity (e.g.,
when a Cas9 protein has a D10, G12, G17, E762, H840, N854, N863, H982, HO83, A984,
D986, and/or a A987 mutation, e.g., D10A, GI12A, G17A, E762A, H840A, N854A, N863A,
HO982A, H983A, A984A, and/or D986A), the variant Cas9 protein can still bind to target
DNA in a site-specific manner (because it is still guided to a target DNA sequence by a guide
RNA) as long as it retains the ability to interact with the guide RNA.

In some embodiments, the variant Cas protein can be spCas9, spCas9-VRQR, spCas9-
VRER, xCas9 (sp), saCas9, saCas9-KKH, spCas9-MQKSER, spCas9-LRKIQK, or spCas9-
LRVSQL.

Alternatives to S. pyogenes Cas9 can include RNA-guided endonucleases from the
Cpf1 family that display cleavage activity in mammalian cells. CRISPR from Prevotella and
Francisella 1 (CRISPR/Cpf1) is a DNA-editing technology analogous to the CRISPR/Cas9
system. Cpfl is an RNA-guided endonuclease of a class I CRISPR/Cas system. This
acquired immune mechanism is found in Prevotella and Francisella bacteria. Cpfl genes are
associated with the CRISPR locus, coding for an endonuclease that use a guide RNA to find
and cleave viral DNA. Cpfl is a smaller and simpler endonuclease than Cas9, overcoming
some of the CRISPR/Cas9 system limitations. Unlike Cas9 nucleases, the result of Cpf1-
mediated DNA cleavage is a double-strand break with a short 3" overhang. Cpfl’s staggered
cleavage pattern can open up the possibility of directional gene transfer, analogous to

traditional restriction enzyme cloning, which can increase the efficiency of gene editing.
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Like the Cas9 variants and orthologues described above, Cpfl can also expand the number of
sites that can be targeted by CRISPR to AT-rich regions or AT-rich genomes that lack the
NGG PAM sites favored by SpCas9. The Cpfl locus contains a mixed alpha/beta domain, a
RuvC-I followed by a helical region, a RuvC-II and a zinc finger-like domain. The Cpfl
protein has a RuvC-like endonuclease domain that is similar to the RuvC domain of Cas9.
Furthermore, Cpfl does not have a HNH endonuclease domain, and the N-terminal of Cpf1
does not have the alpha-helical recognition lobe of Cas9. Cpfl CRISPR-Cas domain
architecture shows that Cpf1 is functionally unique, being classified as Class 2, type V
CRISPR system. The Cpfl loci encode Cas1, Cas2 and Cas4 proteins more similar to types [
and III than from type II systems. Functional Cpfl doesn’t need the trans-activating CRISPR
RNA (tracrRNA), therefore, only CRISPR (crRNA) is required. This benefits genome
editing because Cpfl is not only smaller than Cas9, but also it has a smaller sgRNA molecule
(proximately half as many nucleotides as Cas9). The Cpfl1-crRNA complex cleaves target
DNA or RNA by identification of a protospacer adjacent motif 5’-YTN-3" in contrast to the
G-rich PAM targeted by Cas9. After identification of PAM, Cpf1 introduces a sticky-end-
like DNA double- stranded break of 4 or 5 nucleotides overhang.

Fusion proteins comprising two napDNAbp, a Deaminase Domain

Some aspects of the disclosure provide fusion proteins comprising a napDNAbp
domain having nickase activity (e.g., nCas domain) and a catal ytically inactive napDNAbp
(e.g., dCas domain) and a nucleobase editor (e.g., adenosine deaminase domain, cytidine
deaminase domain), where at least the napDNAbp domains are joined by a linker. It should
be appreciated that the Cas domains may be any of the Cas domains or Cas proteins (e.g.,
dCas9 and nCas9) provided herein. In some embodiments, any of the Cas domains, DNA
binding protein domains, or Cas proteins include, without limitation, Cas9 (e.g., dCas9 and
nCas9), Cas12a/Cpfl, Cas12b/C2cl, Casl12¢/C2c3, Cas12d/CasY, Casl2e/CasX, Casl2g,
Casl2h, and Cas12i. One example of a programmable polynucleotide-binding protein that
has different PAM specificity than Cas9 is Clustered Regularly Interspaced Short
Palindromic Repeats from Prevotella and Francisellal (Cpfl). Similar to Cas9, Cpfl is also a
class 2 CRISPR effector. For example and without limitation, in some embodiments, the
fusion protein comprises the structure, where the deaminase is adenosine deaminase or

cytidine deaminase:

NH>-[deaminase]-[nCas domain]-[dCas domain]-COOH,
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NH>-[deaminase]-[dCas domain]-[nCas domain]-COOH,
NH;-[nCas domain]-[dCas domain]-[deaminase]-COOH,;
NH>-[dCas domain]-[nCas domain]-[deaminase]-COOH,
NH;-[nCas domain]-[deaminase]-[dCas domain]-COOH,
NH:-[dCas domain]-[deaminase]-[nCas domain]-COOH,

@ »

In some embodiments, the “-” used in the general architecture above indicates the
presence of an optional linker. In some embodiments, the deaminase and a napDNAbp (e.g.,
Cas domain) are not joined by a linker sequence, but are directly fused. In some
embodiments, a linker is present between the deaminase domain and the napDNAbp. In
some embodiments, the deaminase or other nucleobase editor is directly fused to dCas and a
linker joins dCas and nCas9. In some embodiments, the deaminase and the napDNAbps are
fused via any of the linkers provided herein. For example, in some embodiments the
deaminase and the napDNAbp are fused via any of the linkers provided below in the section
entitled “Linkers”. In some embodiments, the dCas domain and the deaminase are

immediately adjacent and the nCas domain is joined to these domains (either 5” or 3”) via a

linker.

Fusion proteins with Internal Insertions

The disclosure provides fusion proteins comprising a heterologous polypeptide fused
to a nucleic acid programmable nucleic acid binding protein, for example, a napDNAbp. A
heterologous polypeptide can be a polypeptide that is not found in the native or wild-type
napDNAbp polypeptide sequence. The heterologous polypeptide can be fused to the
napDNAbp at a C-terminal end of the napDNADbp, an N-terminal end of the napDNAbp, or
inserted at an internal location of the napDNAbp. In some embodiments, the heterologous
polypeptide is inserted at an internal location of the napDNAbp.

In some embodiments, the heterologous polypeptide is a deaminase or a functional
fragment thereof. For example, a fusion protein can comprise a deaminase flanked by an N-
terminal fragment and a C-terminal fragment of a Cas9 polypeptide. The deaminase in a
fusion protein can be a cytidine deaminase. The deaminase in a fusion protein can be an
adenosine deaminase.

The deaminase can be a circular permutant deaminase. For example, the deaminase
can be a circular permutant adenosine deaminase or a circular permutant cytidine deaminase.

In some embodiments, the deaminase is a circular permutant TadA, circularly permutated at
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amino acid residue 116 as numbered in the TadA reference sequence. In some embodiments,
the deaminase is a circular permutant TadA, circularly permutated at amino acid residue 136
as numbered in the TadA reference sequence. In some embodiments, the deaminase is a
circular permutant TadA, circularly permutated at amino acid residue 65 as numbered in the
TadA reference sequence.

The fusion protein can comprise more than one deaminase. The fusion protein can
comprise, for example, 1, 2, 3, 4, S or more deaminases. In some embodiments, the fusion
protein comprises one deaminase. In some embodiments, the fusion protein comprises two
deaminases. The two or more deaminases in a fusion protein can be an adenosine deaminase,
cytidine deaminase, or a combination thereof. The two or more deaminases can be
homodimers. The two or more deaminases can be heterodimers. The two or more deaminases
can be inserted in tandem in the napDNAbp. In some embodiments, the two or more
deaminases may not be in tandem in the napDNAbp.

In some embodiments, the napDNADbp in the fusion protein is a Cas9 polypeptide or a
fragment thereof. The Cas9 polypeptide can be a variant Cas9 polypeptide. In some
embodiments, the Cas9 polypeptide is a Cas9 nickase (nCas9) polypeptide or a fragment
thereof. In some embodiments, the Cas9 polypeptide is a nuclease dead Cas9 (dCas9)
polypeptide or a fragment thereof. The Cas9 polypeptide in a fusion protein can be a full-
length Cas9 polypeptide. In some cases, the Cas9 polypeptide in a fusion protein may not be
a full length Cas9 polypeptide. The Cas9 polypeptide can be truncated, for example, at a N-
terminal or C-terminal end relative to a naturally-occurring Cas9 protein. The Cas9
polypeptide can be a circularly permuted Cas9 protein.

The Cas9 polypeptide can be a fragment, a portion, or a domain of a Cas9 polypeptide, that is
still capable of binding the target polynucleotide and a guide nucleic acid sequence.

In some embodiments, the Cas9 polypeptide is a Streptococcus pyogenes Cas9
(SpCas9), Staphylococcus aureus Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9
(St1Cas9), or fragments or variants thereof.

The Cas9 polypeptide of a fusion protein can comprise an amino acid sequence that is
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to a
naturally-occurring Cas9 polypeptide.

The Cas9 polypeptide of a fusion protein can comprise an amino acid sequence that is

at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
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at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to the Cas9
amino acid sequence set forth in SEQ ID NO: 1.

The heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp
(e.g., Cas9) at a suitable location, for example, such that the napDNAbp retains its ability to
bind the target polynucleotide and a guide nucleic acid. A deaminase can be inserted into a
napDNAbp without compromising function of the deaminase (e.g., base editing activity) or
the napDNADbp (e.g., ability to bind to target nucleic acid and guide nucleic acid). A
deaminase can be inserted in the napDNAbp at, for example, a disordered region or a region
comprising a high temperature factor or B-factor as shown by crystallographic studies.
Regions of a protein that are less ordered, disordered, or unstructured, for example solvent
exposed regions and loops, can be used for insertion without compromising structure or
function. A deaminase can be inserted in the napDNAbp in a flexible loop region or a
solvent-exposed region. In some embodiments, the deaminase is inserted in a flexible loop of
the Cas9 polypeptide.

In some embodiments, the insertion location of a deaminase is determined by B-
factor analysis of the crystal structure of Cas9 polypeptide. In some embodiments, the
deaminase is inserted in regions of the Cas9 polypeptide comprising higher than average B-
factors (e.g., higher B factors compared to the total protein or the protein domain comprising
the disordered region). B-factor or temperature factor can indicate the fluctuation of atoms
from their average position (for example, as a result of temperature-dependent atomic
vibrations or static disorder in a crystal lattice). A high B-factor (e.g., higher than average B-
factor) for backbone atoms can be indicative of a region with relatively high local mobility.
Such a region can be used for inserting a deaminase without compromising structure or
function. A deaminase can be inserted at a location with a residue having a Ca atom with a
B-factor that is 50%, 60%, 70%, 80%, 90%, 100%, 110%, 120%, 130%, 140%, 150%, 160%,
170%, 180%, 190%, 200%, or greater than 200% more than the average B-factor for the total
protein. A deaminase can be inserted at a location with a residue having a Co atom with a B-
factor that is 50%, 60%, 70%, 80%, 90%, 100%, 110%, 120%, 130%, 140%, 150%, 160%,
170%, 180%, 190%, 200% or greater than 200% more than the average B-factor for a Cas9
protein domain comprising the residue. Cas9 polypeptide positions comprising a higher than
average B-factor can include, for example, residues 768, 792, 1052, 1015, 1022, 1026, 1029,
1067, 1040, 1054, 1068, 1246, 1247, and 1248 as numbered in SEQ ID No:1. Cas9
polypeptide regions comprising a higher than average B-factor can include, for example,

residues 792-872, 792-906, and 2-791 as numbered in SEQ ID No:1.
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A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue selected from the group consisting of: 768, 791, 792, 1015, 1016, 1022,
1023, 1026, 1029, 1040, 1052, 1054, 1067, 1068, 1069, 1246, 1247, and 1248 as numbered in
SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9 polypeptide. In some
embodiments, the heterologous polypeptide is inserted between amino acid positions 768-
769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-1030, 1040-1041, 1052-
1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249 as numbered in SEQ ID
NO: 1 or corresponding amino acid positions thereof. In some embodiments, the heterologous
polypeptide is inserted between amino acid positions 769-770, 792-793, 793-794, 1016-1017,
1023-1024, 1027-1028, 1030-1031, 1041-1042, 1053-1054, 1055-1056, 1068-1069, 1069-
1070, 1248-1249, or 1249-1250 as numbered in SEQ ID NO: 1 or corresponding amino acid
positions thereof. In some embodiments, the heterologous polypeptide replaces an amino acid
residue selected from the group consisting of: 768, 791, 792, 1015, 1016, 1022, 1023, 1026,
1029, 1040, 1052, 1054, 1067, 1068, 1069, 1246, 1247, and 1248 as numbered in SEQ ID
NO: 1, or a corresponding amino acid residue in another Cas9 polypeptide. It should be
understood that the reference to SEQ ID NO:1 with respect to insertion positions is for
illustrative purpose. The insertions as discussed herein are not limited to the Cas9 polypeptide
sequence of SEQ ID NO: 1, but include insertion at corresponding locations in variant Cas9
polypeptides, for example a Cas9 nickase (nCas9), nuclease dead Cas9 (dCas9), a Cas9
variant lacking a nuclease domain, a truncated Cas9, or a Cas9 domain lacking partial or
complete HNH domain.

A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue selected from the group consisting of: 768, 792, 1022, 1026, 1040, 1068,
and 1247 as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another
Cas9 polypeptide. In some embodiments, the heterologous polypeptide is inserted between
amino acid positions 768-769, 792-793, 1022-1023, 1026-1027, 1029-1030, 1040-1041,
1068-1069, or 1247-1248 as numbered in SEQ ID NO: 1 or corresponding amino acid
positions thereof. In some embodiments, the heterologous polypeptide is inserted between
amino acid positions 769-770, 793-794, 1023-1024, 1027-1028, 1030-1031, 1041-1042,
1069-1070, or 1248-1249 as numbered in SEQ ID NO: 1 or corresponding amino acid
positions thereof. In some embodiments, the heterologous polypeptide replaces an amino acid
residue selected from the group consisting of: 768, 792, 1022, 1026, 1040, 1068, and 1247 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
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A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue shown in Fig. 4, Fig. 5, Fig. 6, or Fig. 7, or a corresponding amino acid
residue in another Cas9 polypeptide. A heterologous polypeptide (e.g., deaminase) can be
inserted in the napDNAbp at an amino acid residue selected from the group consisting of’
1002, 1003, 1025, 1052-1056, 1242-1247, 1061-1077, 943-947, 686-691, 569-578, 530-539,
and 1060-1077 as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in
another Cas9 polypeptide. The deaminase can be inserted at the N-terminus or the C-terminus
of the residue or replace the residue. In some embodiments, the deaminase is inserted at the
C-terminus of the residue.

In some embodiments, an ABE (e.g., TadA) is inserted at an amino acid residue
selected from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768,
1067, 1248, 1052, and 1246 as numbered in SEQ ID NO: 1, or a corresponding amino acid
residue in another Cas9 polypeptide. In some embodiments, an ABE (e.g., TadA) is inserted
in place of residues 792-872, 792-906, or 2-791 as numbered in SEQ ID NO: 1, ora
corresponding amino acid residue in another Cas9 polypeptide. In some embodiments, the
ABE is inserted at the N-terminus of an amino acid selected from the group consisting of’
1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768, 1067, 1248, 1052, and 1246 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of an amino acid
selected from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768,
1067, 1248, 1052, and 1246 as numbered in SEQ ID NO: 1, or a corresponding amino acid
residue in another Cas9 polypeptide. In some embodiments, the ABE is inserted to replace
an amino acid selected from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247,
1054, 1026, 768, 1067, 1248, 1052, and 1246 as numbered in SEQ ID NO: 1, or a
corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, a CBE (e.g., APOBEC1) is inserted at an amino acid residue
selected from the group consisting of: 1016, 1023, 1029, 1040, 1069, and 1247 as numbered
in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the ABE is inserted at the N-terminus of an amino acid selected from the
group consisting of: 1016, 1023, 1029, 1040, 1069, and 1247 as numbered in SEQ ID NO: 1,
or a corresponding amino acid residue in another Cas9 polypeptide. In some embodiments,
the ABE is inserted at the C-terminus of an amino acid selected from the group consisting of’
1016, 1023, 1029, 1040, 1069, and 1247 as numbered in SEQ ID NO: 1, or a corresponding

amino acid residue in another Cas9 polypeptide. In some embodiments, the ABE is inserted
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to replace an amino acid selected from the group consisting of: 1016, 1023, 1029, 1040,
1069, and 1247 as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in
another Cas9 polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 768 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 768
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 768
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 768 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 791 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 791
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 791
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 791 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 792 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 792
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 792
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 792 as
numbered in SEQ 1D NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1016 as
numbered in SEQ 1D NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1016

as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
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polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1016
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1016 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1022 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1022
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1022
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1022 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1023 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1023
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1023
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1023 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1026 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1026
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1026
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1026 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1029 as

numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
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polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1029
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1029
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1029 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1040 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 140
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1040
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1040 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1052 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1052
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1052
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1052 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1054 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1054
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1054
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1054 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9

polypeptide.
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In some embodiments, the deaminase is inserted at amino acid residue 1067 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1067
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1067
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1067 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1068 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1068
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1068
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1068 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1069 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1069
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1069
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1069 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1246 as
numbered in SEQ 1D NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1246
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1246
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9

polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1246 as
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numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1247 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1247
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1247
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1247 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, the deaminase is inserted at amino acid residue 1248 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the N-terminus of amino acid 1248
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted at the C-terminus of amino acid 1248
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the ABE is inserted to replace amino acid 1248 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

In some embodiments, a heterologous polypeptide (e.g., deaminase) is inserted in a
flexible loop of a Cas9 polypeptide. The flexible loop portions can be selected from the group
consisting of 530-537, 569-570, 686-691, 943-947, 1002-1025, 1052-1077, 1232-1247, or
1298-1300 as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another
Cas9 polypeptide. The flexible loop portions can be selected from the group consisting of: 1-
529, 538-568, 580-685, 692-942_948-1001, 1026-1051, 1078-1231, or 1248-1297 as
numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide.

A heterologous polypeptide (e.g., deaminase) can be inserted into a Cas9 polypeptide
region corresponding to amino acid residues: 1017-1069, 1242-1247, 1052-1056, 1060-1077,
1002 — 1003, 943-947, 530-537, 568-579, 686-691,1242-1247, 1298 — 1300, 1066-1077,
1052-1056, or 1060-1077 as numbered in SEQ ID NO: 1, or a corresponding amino acid
residue in another Cas9 polypeptide.
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A heterologous polypeptide (e.g., deaminase) can be inserted in place of a deleted
region of a Cas9 polypeptide. The deleted region can correspond to an N-terminal or C-
terminal portion of the Cas9 polypeptide. In some embodiments, the deleted region
corresponds to residues 792-872 as numbered in SEQ ID NO: 1, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deleted region
corresponds to residues 792-906 as numbered in SEQ ID NO: 1, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deleted region
corresponds to residues 2-791 as numbered in SEQ ID NO: 1, or a corresponding amino acid
residue in another Cas9 polypeptide. In some embodiments, the deleted region correspond to
residues 1017-1069 as numbered in SEQ ID NO: 1, or corresponding amino acid residues
thereof.

A heterologous polypeptide (e.g., deaminase) can be inserted within a structural or
functional domain of a Cas9 polypeptide. A heterologous polypeptide (e.g., deaminase) can
be inserted between two structural or functional domains of a Cas9 polypeptide. A
heterologous polypeptide (e.g., deaminase) can be inserted in place of a structural or
functional domain of a Cas9 polypeptide, for example, after deleting the domain from the
Cas9 polypeptide. The structural or functional domains of a Cas9 polypeptide can include, for
example, RuvC I, RuvC II, RuvC III, Recl, Rec2, PI, or HNH.

In some embodiments, the Cas9 polypeptide lacks one or more domains selected from
the group consisting of: RuvC I, RuvC II, RuvC III, Rec1, Rec2, PI, or HNH domain. In
some embodiments, the Cas9 polypeptide lacks a nuclease domain. In some embodiments,
the Cas9 polypeptide lacks a HNH domain. In some embodiments, the Cas9 polypeptide
lacks a portion of the HNH domain such that the Cas9 polypeptide has reduced or abolished
HNH activity.

In some embodiments, the Cas9 polypeptide comprises a deletion of the nuclease
domain and the deaminase is inserted to replace the nuclease domain. In some embodiments,
the HNH domain is deleted and the deaminase is inserted in its place. In some embodiments,
one or more of the RuvC domains is deleted and the deaminase is inserted in its place.

A fusion protein comprising a heterologous polypeptide can be flanked by a N-
terminal and a C-terminal fragment of a napDNAbp. In some embodiments, the fusion
protein comprises a deaminase flanked by a N- terminal fragment and a C-terminal fragment
of a Cas9 polypeptide. The N terminal fragment or the C terminal fragment can bind the
target polynucleotide sequence. The C-terminus of the N terminal fragment or the N-terminus

of the C terminal fragment can comprise a part of a flexible loop of a Cas9 polypeptide. The
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C-terminus of the N terminal fragment or the N-terminus of the C terminal fragment can
comprise a part of an alpha-helix structure of the Cas9 polypeptide. The N- terminal fragment
or the C-terminal fragment can comprise a DNA binding domain. The N-terminal fragment or
the C-terminal fragment can comprise a RuvC domain. The N-terminal fragment or the C-
terminal fragment can comprise a HNH domain. In some embodiments, neither of the N-
terminal fragment and the C-terminal fragment comprises a HNH domain.

In some embodiments, the C-terminus of the N terminal Cas9 fragment comprises an
amino acid that is in proximity to a target nucleobase when the fusion protein deaminates the
target nucleobase. In some embodiments, the N-terminus of the C terminal Cas9 fragment
comprises an amino acid that is in proximity to a target nucleobase when the fusion protein
deaminates the target nucleobase. The insertion location of different deaminases can be
different in order to have proximity between the target nucleobase and an amino acid in the
C-terminus of the N terminal Cas9 fragment or the N-terminus of the C terminal Cas9
fragment. For example, the insertion position of an ABE can be at an amino acid residue
selected from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768,
1067, 1248, 1052, and 1246 as numbered in SEQ ID NO: 1, or a corresponding amino acid
residue in another Cas9 polypeptide. A suitable insertion position of a CBE can be an amino
acid residue selected from the group consisting of: 1016, 1023, 1029, 1040, 1069, and 1247
as numbered in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9
polypeptide. In certain embodiments, the insertion of the ABE can be inserted to the N
terminus or the C terminus of any one of the above listed amino acid residues. In some
embodiemnts, the insertion of the ABE can be inserted to replace any one of the above listed
amino acid residues.

The N-terminal Cas9 fragment of a fusion protein (i.e. the N-terminal Cas9 fragment
flanking the deaminase in a fusion protein) can comprise the N-terminus of a Cas9
polypeptide. The N-terminal Cas9 fragment of a fusion protein can comprise a length of at
least about: 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, or 1300 amino
acids. The N-terminal Cas9 fragment of a fusion protein can comprise a sequence
corresponding to amino acid residues: 1-56, 1-95, 1-200, 1-300, 1-400, 1-500, 1-600, 1-700,
1-718, 1-765, 1-780, 1-906, 1-918, or 1-1100 as numbered in SEQ ID NO: 1, or a
corresponding amino acid residue in another Cas9 polypeptide. The N-terminal Cas9
fragment can comprise a sequence comprising at least: 85%, at least 90%, at least 91%, at
least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at

least 99%, or at least 99.5% sequence identity to amino acid residues: 1-56, 1-95, 1-200, 1-
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300, 1-400, 1-500, 1-600, 1-700, 1-718, 1-765, 1-780, 1-906, 1-918, or 1-1100 as numbered
in SEQ ID NO: 1, or a corresponding amino acid residue in another Cas9 polypeptide.

The C-terminal Cas9 fragment of a fusion protein (i.e. the C-terminal Cas9 fragment
flanking the deaminase in a fusion protein) can comprise the C-terminus of a Cas9
polypeptide. The C-terminal Cas9 fragment of a fusion protein can comprise a length of at
least about: 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, or 1300 amino
acids. The C-terminal Cas9 fragment of a fusion protein can comprise a sequence
corresponding to amino acid residues: 1099-1368, 918-1368, 906-1368, 780-1368, 765-1368,
718-1368, 94-1368, or 56-1368 as numbered in SEQ ID NO: 1, or a corresponding amino
acid residue in another Cas9 polypeptide. The N-terminal Cas9 fragment can comprise a
sequence comprising at least: 85%, at least 90%, at least 91%, at least 92%, at least 93%, at
least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least
99.5% sequence identity to amino acid residues: 1099-1368, 918-1368, 906-1368, 780-1368,
765-1368, 718-1368, 94-1368, or 56-1368 as numbered in SEQ ID NO: 1, or a corresponding
amino acid residue in another Cas9 polypeptide.

The N-terminal Cas9 fragment and C-terminal Cas9 fragment of a fusion protein taken
together may not correspond to a full-length naturally occurring Cas9 polypeptide sequence,
for example, as set forth in SEQ ID NO: 1.

The fusion protein described herein can effect targeted deamination with reduced
deamination at non-target sites (e.g., oft-target sites), such as reduced genome wide spurious
deamination. The fusion protein described herein can effect targeted deamination with
reduced bystander deamination at non-target sites. The undesired deamination or off-target
deamination can be reduced by at least 30%, at least 40%, at least 50%, at least 60%, at least
70%, at least 80%, at least 90%, at least 95%, or at least 99% compared with, for example, an
end terminus fusion protein comprising the deaminase fused to a N terminus or a C terminus
of a Cas9 polypeptide. The undesired deamination or off-target deamination can be reduced
by at least one-fold, at least two-fold, at least three-fold, at least four-fold, at least five-fold,
at least tenfold, at least fifteen fold, at least twenty fold, at least thirty fold, at least forty fold,
at least fifty fold, at least 60 fold, at least 70 fold, at least 80 fold, at least 90 fold, or at least
hundred fold, compared with, for example, an end terminus fusion protein comprising the
deaminase fused to a N terminus or a C terminus of a Cas9 polypeptide.

In some embodiments, the deaminase of the fusion protein deaminates no more than
two nucleobases within the range of a R-loop. In some embodiments, the deaminase of the

fusion protein deaminates no more than three nucleobases within the range of the R-loop. In
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some embodiments, the deaminase of the fusion protein deaminates no more than 2, 3, 4, 5, 6,
7, 8, 9, or 10 nucleobases within the range of the R-loop. A R-loop is a three-stranded nucleic
acid structure including a DNA:RNA hybrid, a DNA:DNA or a RNA: RNA complementary
structure and the associated with single-stranded DNA. As used herein, a R-loop may be
formed when a a target polynucleotide is contacted with a CRISPR complex or a base editing
complex, wherein a portion of a guide polynucleotide, e.g. a guide RNA, hybridizes with and
displaces with a portion of a target polynucleotide, e.g. a target DNA. In some embodiments,
a R-loop comprises a hybridized region of a spacer sequence and a target DNA
complementary sequence. A R-loop region may be of about 5, 6,7, 8,9, 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, or 50 nuclebase pairs in length. In some embodiments,
the R-loop region is about 20 nucleobase pairs in length. It should be understood that, as used
herein, a R-loop region is not limited to the target DNA strand that hybridizes with the gudie
polynucleotide. For example, editing of a target nucleobase within a R-loop region may be to
a DNA strand that comprises the complementary strand to a guide RNA or may be to a DNA
strand that is the opposing strand of the strand complementary to the guide RNA. In some
embodiments, editing in the region of the R-loop comprises editing a nucleobase on non-
complementary strand (protospacer strand) to a guide RNA in a target DNA sequence.

The fusion protein described herein can effect target deamination in an editing
window different from canonical base editing. In some embodiments, a target nucleobase is
from about 1 to about 20 bases upstream of a PAM sequence in the target polynucleotide
sequence. In some embodiments, a target nucleobase is from about 2 to about 12 bases
upstream of a PAM sequence in the target polynucleotide sequence. In some embodiments, a
target nucleobase is from about 1 to 9 base pairs, about 2 to 10 base pairs, about 3 to 11 base
pairs, about 4 to 12 base pairs, about 5 to 13 base pairs, about 6 to 14 base paris, about 7 to 15
base pairs, about 8 to 16 base pairs, about 9 to 17 base pairs, about 10 to 18 base pairs, about
11 to 19 base pairs, about 12 to 20 base pairs, about 1 to 7 base pairs, about 2 to 8 base pairs,
about 3 to 9 base pairs, about 4 to 10 base pairs, about 5 to 11 base pairs, about 6 to 12 base
pairs, about 7 to 13 base pairs, about 8 to 14 base pairs, about 9 to 15 base pairs, about 10 to
16 base pairs, about 11 to 17 base pairs, about 12 to 18 base pairs, about 13 to 19 base pairs,
about 14 to 20 base pairs, about 1 to 5 base pairs, about 2 to 6 base pairs, about 3 to 7 base
pairs, about 4 to 8 base pairs, about 5 to 9 base pairs, about 6 to 10 base pairs, about 7 to 11
base pairs, about 8 to 12 base pairs, about 9 to 13 base pairs, about 10 to 14 base pairs, about

11 to 15 base pairs, about 12 to 16 base paris, about 13 to 17 base paris, about 14 to 18 base
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pairs, about 15 to 19 base pairs, about 16 to 20 base pairs, about 1 to 3 base pairs, about 2 to 4
base pairs, about 3 to 5 base pairs, about 4 to 6 base pairs, about 5 to 7 base pairs, about 6 to
8 base pairs, about 7 to 9 base pairs, about 8 to 10 base pairs, about 9 to 11 base pairs, about
10 to 12 base pairs, about 11 to 13 base pairs, about 12 to 14 base pairs, about 13 to 15 base
pairs, about 14 to 16 base pairs, about 15 to 17 base pairs, about 16 to 18 base pairs, about 17
to 19 base pairs, about 18 to 20 base pairs away or upstream of the PAM sequence. In some
embodiments, a target nucleobase is about 1, 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, or more base pairs away or upstream of the PAM sequence. In some
embodiemtns, a target nucleobase is about 1, 2, 3, 4, 5, 6, 7, 8, or 9 base pairs upstream of the
PAM sequence. In some embodiments, a target nucleobase is about 2, 3, 4, or 6 base pairs
upstream of the PAM sequence.

Accordingly, also provided herein are fusion protein libraries and method for using
same to optimize base editing that allow for alternative preferred base editing windows
compared to canonical base editors, e.g. BE4. In some embodiments, the disclosure provides
a protein library for optimized base editing comprising a plurality of fusion proteins, wherein
each one of the plurality of fusion proteins comprises a deaminase flanked by a N- terminal
fragment and a C-terminal fragment of a Cas9 polypeptide, wherein the N-terminal fragment
of each one of the fusion proteins differs from the N-terminal fragments of the rest of the
plurality of fusion proteins or wherein the C-terminal fragment of each one of the fusion
proteins differs from the C-terminal fragments of the rest of the plurality of fusion proteins,
wherein the deaminase of each one of the fusion proteins deaminates a target nucleobase in
proximity to a Protospacer Adjacent Motif (PAM) sequence in a target polynucleotide
sequence, and wherein the N terminal fragment or the C terminal fragment binds the target
polynucleotide sequence. In some embodiments, for each nucleobase within a CRISPR R-
loop, at least one of the plurality of fusion proteins deaminates the nucleobase. In some
embodiments, for each nucleobase within of a target polynucleotide from 1 to 20 base pairs
away of a PAM sequence, at least one of the plurality of fusion proteins deaminates the
nucleobase. In some embodiments, provided herein is a kit comprising the fusion protein
library that allows for optimized base editing.

The fusion protein can comprise more than one heterologous polypeptide. For
example, the fusion protein can additionally comprise one or more UGI domains and/or one
or more nuclear localization signals. The two or more heterologous domains can be inserted
in tandem. The two or more heterologous domains can be inserted at locations such that they

are not in tandem in the NapDNAbp.
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A fusion protein can comprise a linker between the deaminase and the napDNAbp
polypeptide. The linker can be a peptide or a non-peptide linker. For example, the linker can
be an XTEN, (GGGS)n, (GGGGS)n, (G)n, (EAAAK)n, (GGS)n, SGSETPGTSESATPES. In
some embodiments, the fusion protein comprises a linker between the N-terminal Cas9
fragment and the deaminase. In some embodiments, the fusion protein comprises a linker
between the C-terminal Cas9 fragment and the deaminase. In some embodiments, the N-
terminal and C-terminal fragments of napDNAbp are connected to the deaminase with a
linker. In some embodiments, the N-terminal and C-terminal fragments are joined to the
deaminase domain without a linker. In some embodiments, the fusion protein comprises a
linker between the N-terminal Cas9 fragment and the deaminase, but does not comprise a
linker between the C-terminal Cas9 fragment and the deaminase. In some embodiments, the
fusion protein comprises a linker between the C-terminal Cas9 fragment and the deaminase,
but does not comprise a linker between the N-terminal Cas9 fragment and the deaminase.

Exemplary TadA or TadA7.10 sequence set forth below:
SEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGL
HDPTAHAEIMALRQGGLVMOQNYRLIDATLYVTFEPCVMCAGAMIHSRIGR
VVFGVRNAKTGAAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRM
PRQVFNAQKKAQSSTD

GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLY
VTIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPGMNHRVE
ITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

TAHAEIMALRQGGLVMQNYRLIDATLY VIFEPCVMCAGAMIHSRIGRVVF
GVRNAKTGAAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQ
VENAQKKAQSSTDGSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTL
AKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

YRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH
YPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDGSSGS
ETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVL
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NNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQN

MNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDGSSGSETP
GTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNR
VIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLYVIFEPCVM
CAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHYPG

GSSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVG
AVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQG